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Abstract 


The basic problem lnv.atlgat«i was that of noise genarated by air 
flo» through a coaxial obstruction In, a long, straight pipe. This study 
concentrated on the modal characteristics of the noise field Inside 

pipe and dovmstream of the restriction. 

TWO measurement techniques were developed for. separation of the noise 
into the acoustic duct modes. The Instantaneous mode separation tec n que 
uses four microphones, equally spaced In the circumferential 
at .he same axial location. -Instantaneous addition of various microphone, 
outputs separates the (0.0). (1.0). and (2.0) modes. Higher mode, can 

be separated approximately. 

The time-averaged mode separation technique uses three mlcrop on 
mounted at the same axial location. A matrix operation on 
data produces the modal pressure levels. This technique nequiren t 
strlctlve assumption that the acoustic modes are uncorrelated with «ch 
ocher, comparison of the results of the two techniques shows that this 
IS in fact the case, for the type of noise source ex^lned In this study. 

downstream t.dal pressure spectra In the 200-6000 Ha frequency range 
were measured for orifices and noaxles ranging In diameter from . o 
50,8 mm. The shape of the modal frequency spectrum was found to be deter 

r vaMo f . -X. » u.D/a d. . This parameter is the 

mined by the frequency ratio, f^ .^St i ' o 

carlo of two nondlmenslonal frequencies. Y. which controls ^ 

agatlon Inside circular ducts, and St. ,*lch scales the )et noise sp^rum 
shape. At low f (< 3) the higher modes dominate the no se spec 
above their cutoff frequencies, while for higher f^ all modes are o 
approximately equal amplitude. The nature of large-scale turbulence 
structures In the region of the Jet neat the notzle exit may 
explain these phenomena. 

The measured modal pressure spectra were converted to modal powe 

spectra and integrated over the frequency range 200-6000 Ha. The acous c 

efficiency levels (acoustic power normalized by jet kinet c ene gy 

Whan plotted vs. Jet Mach number, showed a strong dependence on the rat 

Of restriction diameter to pipe diameter. Dividing the 

_ 3.47 X 10 \ » 


by the area ratio produced the correlation n/(d/D)‘ 


X 


valid over a reasonable range of (d/D). The acoustic efficiency levels 
of the nozzles and orifices agreed closely, when the comparison was made 
using nozzle exit plane and orifice vena contracts conditions. 

In a separate part of the study, auoustic energy flow expressions 
were developed for the case of a hard-walled cylindrical duct containing 
a sheared mean flow. Formulations using three different approaches were 
examined; (i) the therruudynamic energy equation, (ii) the conservation 
equation of Blockhintsev, i.e., the geometric acoustics limit, and (iii) 
the conser/ation principle of Mohring. 

The acoustic energy flux derived from the thermodynamic energy equa- 
tion consists of the flow work (< p’v* >) of the acoustic wave plus the 
acoustic energy density convected by the mean flow. This flux is- con- 
served in a constant-area duct containing a sheared mean flow, but is not 
conserved in a general, nonuniformly moving medium. 

Comparison of the Mohring and Blockhintsev energy flux expressions 
defines the extent to which the geometric acoustics limit is valid. To 
assess this, these energy flux expressions were compared for l/7th power 
mean flow profiles with centerline Mach numbers up to 0.9. For the (0,0) 
mode, the differences were uniformly small for low and high frequencies. 

For the higher modes, the differences were greatest at frequencies near 
cutoff and approached those seen for the (0,0) mode at higher frequencies. 
The general validity of the geometric acoustics limit was remarkable. 

The values of the energy flux expressions calculated for sheared mean 
flow profiles were compared to approximate values obtained using a slug 
flow profile with the same overall flowrate. The agreement was very poor, 
except for the (0,0) mode at low frequencies and the higher modes close 
to their cutoff frequencies. 

The acoustic energy flow analyses based on the thermodynamic energy 
equation and on the results of Mohring both resulted in orthogonality 
properties for the eigenfunctions of the radial mode shape equation. These 
orthogonality relationships involve the eigenvalues and derivatives of the 
radial mode shape functions. 
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Nomenclature 


e 

EWF 

f 

f 


■St 


h 

i 

I 

k 

k 

K 

L 


Enellgh Letter Symbols 

a Adiabatic speed of sound, a - • 

s 

C Modal amplitude coefficient, 

d Orifice or nozzle diameter. 

D Pipe inside diameter . 

Unit vector. 

Energy weighting function (see Chapter A). 
Frequency 


t 

m,n 


Frequency ratio, f^ - Uj^D/a^d. 

Frequency based on Strouhal number, fg^ = 0.2(Uj,/d). 
Enthalpy 

Acoustic intensity (see Chapter A). 

Wavenumber, k = 

Nondimens ionali zed axial wavenumber, k ® 

K = (1-"^). 

Nozzle throat length. 

Acoustic duct mode numbers (m - circumferential, n 


m 

M 


P 

P’ 


P(r,0) 

P„(6) 


Mass flow rate. 

Mach number, M = U/a . 

Pressure. 

Acoustic pressure. 

Mean flow pressure; stagnation pressure. 

Acoustic pressure mode shape function, see p. 8. 
Fluctuating pressure measured at inner pipe wall. 
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radial) 


TP Acoustic power . 


r 

R(r) 

Re 

s 

St 

t 

T 

o 

u 

u* 

U 

V 

v’ 

V 

o 

V(r,e) 

z 

z 

z 

o 


Radius . 

Duct radius. 

Nondimens ionalized radius, r * 

Radial mode shape function. 

Reynolds number. Re = p^U^d/p^. 

Entropy; duct cross section. 

Strouhal number, St ® fd/U. 

Time. 

Stagnation temperature., 

Velocity (scaler) . 

Acoustic velocity (scaler). 

Mean flow velocity (scaler). 

Velocity (vector) . 

Acoustic velocity (vector). 

Mean flow velocity (vector). 

Acoustic velocity mode shape function, see p. 8. 
Axial coordinate. 

Normalized axial coordinate, z = kz. 

Axial location of measurements. 


Superscripts 

( )* Acoustic fluctuation. 

B Blockhintsev. 

M Mohring. 

P Physical 

* Complex conjugate. 
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Subscripts 


Acov^tic. 

Portion of acoustic powsr that is indepeindent of z. 

Portion of acoustic power that is not independent of z. 

Value for mode cutoff. 

Duct centerline. 

Hydrodynamic . 

Indicated conditions of vena contracta of orifice jet or exit 
plane of nozzle jet* 

Refers to (m,n) acoustic duct mode. 

Mean flow conditions; stagnation conditions. 

Component in radial direction. 

Duct inside wall. 

Component in axial direction. 

Component in circumferential direction. 

Greek Letter Symbols 
Y Reduced frequency, y = 

1 9 / N 

r Represents quantity “ ” 

6 Shear layer thickness; uncertainty in a measurand. 

e Small parameter in perturbation expansion, 

e e » 0,. m ® 0; e_ 1» ro “ 2, 3, ... . 

n Acoustic efficiency, h 

6 Circumferential coordinate. 

y Zeros Of ^ (\(*)) absolute viscosity. 

£ Acoustic energy density (see p. 45). 

^s 

p Density 

p' Acoustic density. 
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ac 

a 

b 

cr 

L 

hydro 

i 

mn 

o 

r 

w 

z 

0 


Mean flow density. 

<P Acoustic duct mode phase angle. 

“ Circular frequency. 

Special Symbols 

2 

f ] Mean square value. 

> Time-averaged value. 
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Chapter 1 

INTRODUCTION AND OBJECTIVES 


Nolso gcnorotiott by Internal flows and propagation In ducts. are sub- 
jects of-conc.m In man, tachnlcal areas. The noise levels generated by 
now metering and throttling equipment In power plants and chemical plants 
are often very high, causing annoyance and In some cases hearing damage 
to workers in the vicinity of the equipment. In many applications, fans . 
and compressors generate noise levels Inside pipes and Jucts comparable 
to those produced by flow throttling equipment, with the same undesirable 
results. , A substantial quantity of fundamental research has been directed 
towards tan and compressor noise, principally because of the aircraft 
engine noise problem. The present research program Is a fundamental study 
of the former, less well-known problem, that of noise generation by flow 
through obstructions in pipss. 

The physical problem under Investigation Is Illustrated In Fig. 1. 
Typically, a low to moderate speed flow approaches a restriction In a 
pipe. A hlgh-speoe turbulent jet, surrounded by a very low velocity re- 
circulation cone, forms Just downstream of the restriction. The Jet width 
grows with distance downstream of the restriction, until the flow eventu- 
ally reattaches to the pipe wall. In Industrial applications, the geom- 
etry of the restrictions (valves, flow regulators, etc.) Is often complex, 
and the pressure drop across, the device may be. large enough to produce 
regions of supersonic flow and strong shocks downstretun of the restriction, 
hoise generation by restrictions causing very high pressure drops has been 
studied bv Wltcrak (1976); the present research considered the subsonic 
now regime. Restrictions of simple geometry (orifices and nozzles) were 

ohoson Cor this fundamental study. 

For diseussion purposes, the flow field can be separated into 
regions. The first region Is the source region. In which the noise Is 
actuallv generated. In the seeond region the noise only propagates, there 
la no significant noise generation. These regions are Indicated In Mg. I. 
The noise generation and flow characteristics of the source region are 
very si., liar to the case of a free Jet. In a free Jet. the kinetic energy 
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of the jet is dissipated by turbulent mixing, as ambient fluid is en- 
trained by the jet, causing the jet width to grow. The unsteady fluid 
dynamical processes associated with the turbulent mixing are the source 
of the noise in the free jet case. For a confined jet, the turbulent 
mixing is also a very important noise source. However, the characterise 
tics of the turbulent mixing may be altered by the effect of the confinr- 
ing pipe wall on the entrainment process. Also, the jet flow reattaches 
to the pipe wall before its kinetic energy is fully dissipated. Unsteady 
behavior in the reattachment region may be an additional important noise 
source for. a confined jet. 

Compared to a free jet, the confined jet differs significantly in 
its noise-radiation condition. For a free jet, the noise radiates into 
an infinite medium, and at large distances from the jet the acoustic waves 
appear to be locally plane. The radiation condition for a confined jet 
is radically different. Noise propagation inside a duct is governed by 
the solution of an eigenvalue equation, and the noise propagates in par- 
ticular acoustic duct modes. The lowest mode propagates at all frequen- 
cies, while each higher mode propagates only above its own cutoff fre- 
quency. At frequencies below cutoff a given mode is exponentially 
attenuated. In most situations, the noise generated by confined jets 
extends over a frequency range in which several acoustic duct modes are 
propagating. Thus, to accurately measure. the noise produced by confined 
jets, measurement techniques which separate the noise field into the 

acoustic duct modes are necessary. 

The noise generated by confined jets normally reaches the observer 
in one of two ways. First, the noise may propagate inside the pipe in the 
direction of the duct axis and leave through the duct inlet or outlet. 

In this situation it is Important to be able to estimate the acoustic 
energy flow in the direction of the duct axis. The acoustic energy flow 
for a given pressure level is different for different acoustic duct modes, 
and also depends on the frequency of the acoustic wave. Thus an accurate 
determination of the acoustic energy flow requires modal separation of the 
pressure spectra. Also, the attenuation caused by pipe wall acoustic 
treatment, changes in pipe cross-sectional area, tees, and other pipe 
fittings and terminations is different for different acoustic duct modes. 
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Therefore^ an accurate assessment of the effect of configuration changes 
on the noise that propagates out of a piping system inlet or outlet de- 
pends upon a knowledge of the modal characteristics of the sound field. 

A second way in which the noise inside a pipe may reach the observer 
is for it to pass through the pipe wall.. Acoustic pressure fluctuations 
inside a pipe may excite pipe wall vibrations, which in turn radiate noise 
to the surroundings. The pipe wall excitation seems to be fundamentally 
different for different iicoustic duct modes. Thus, the efficiency with 
which acoustic, pressure fluctuations inside the pipe are ttansmitted 
through the pipe wall may be strongly mode-dependent. This again empha- 
sizes the importance of modal separation in experimental measurement tech- 
niques. 

Most of the previous studies of noise generated by- flow through re- 
strictions in pipelines have Ignored the modal characteristics of the sound 
field inside the pipe. These experiments can basically be grouped into 
two types. In typo (i) a pipe containing a restriction Is^passed through 
a room, and the noise level, outside the. pipe is measured. Thus only the 
noise transmitted through the pipe wall is detected, and the characteris- 
tics of this noise are influenced strongly by the sound transmission and 
vibrational characteristics of the pipe and the supporting structure. In 
the experiments of type (ii) the flow exhausts into a reverberant chamber, 
with only a short section of pipe downstream of the restriction. In this 
situation there can be strong reflections at the end of the pipe, and 
again the measurements outside-the pipe may not be very representative of 
the noise field inside the pipe. 

The- research presented in this report is a continuation of the pro- 
gram initiated by Roberts and Johnston (1974), who-studled noise genera- 
tion by flow through sharp-edged orifices. In order to overcome the 
problems associated with the previously discussed experimental approaches, 
they designed an experimental rig which allowed measurements of the acous- 
tic pressure inside the pipe, but without signal contamination by the 
hydrodynamic pressure fluctuations present in turbulent pipe flow. The 
rig, a schematic of which is shown in Fig. 2, consists of a thick-walled 
plastic pipe (4 inch nominal diameter) terminated on both ends by anecholc 
toTOinations. Flow enters and exits radially through bronze porous 
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olomonts oC the same imiev dJ«e-te-r a» the pipe (97 u,m) . Uehevts made 
wall sound pressure measuremeuls with a slu«le mlerophuue In the no-tlou 
senes upstre« and down»tre» of the Inlet and outlet plenums. In these 
no-flow zones the measurements were not affeeted hy thi hydiodynaml 
pressure fluetuatlous present In the replons oC the plpe euutalnlns tur- 
huleut flow. H^ever, the ueoust le waves seemed to suffer some attenn.a- 
tlun as they passed through the plenum seetlons. Also, a suhstautial 
,urtlon of the noise was at frec,ueneles above the first eutoff fre,ueney 
of the duet, where more than one rnrade starts propagat ing. In oaleulat ng 
aeoustio energy flow. Roberts assumed dhat the total signal measured by 
tho wall microphone was that of a plane waves Ho also added a correct on 
faetor for outlet-plenum attenuation. The present researeh examined tho 
aeeuraey of these assumptions during the eourse of a mueh deeper study. 

The present work had the following specific objectives. 

TO develop exporimcntal measurement techniques which separate the 

noise field into the different acoustic duct modes. 

., virietv of restriction shapes, 

• To measure modal pressure spcitia it. . » 

sizes, and flowrate conditions. 

. TO rolato tho mvasurod prossuro sportra to aruustlo ouorgy flow In 
the direction of the pipe axis. 

. To ostim.,to tho orrur bound for aruustlo p.~or moasuromouts whirl, usr 
only our mtorophouo. loratod (lush with .tho Innor plpo wall, and 
assume plane wave propagation. 

Tho main body of this roport Is rontalnod lu Chaptors 2. 1, and A. 
,:h.,ptor .T runtains a summary of tho rosults, rourlusions.. and rorommond.,- 
tlons tor furthor study. Tho dovolupmont of oxporlmontal modal soparat on 
torhnmuos is oovorod In Phaptor 2. Tho main oxpor Imon. al-rosults ol tho 
...soarrh aro prcsou.od lu Ohaptor 1. Thoso Inrludo modal sportra and 
ovorall offlrlouoy l.-vols for uozzlos and orlflros In tho subsonto 1 U~ 
roglmo. in Chaptor 4. an .-uorgy flux oxprosslon Is dovolopod from tho 
thomodynamlr ouorgy oguat ton. 11, Is •■physlraf onorgy llnx Is rompa.o 
to onorgy llnx oxprosslous dovolopod 1 r.m, two rousorvatlou oquatlou ap- 
proarhos. Tho arrurary with whirl, tho artual moan flow prolllo In t „■ 
plpo ran ho approxlmatod by a slug t low profllo tor a ouotgy ow 

ealculatlons is examined. 

U 


Because the subject matter of each chapter comes historically from 
only loosly related areas_ detailed discussions of background references 
and state of the art are given in the individual chapters rather than in 
this brief Introduction. 


Chapter 2 

DEVELOPMENT OF MODAL SEPARATION TECHNIQUES 


2 . 1 Previous Work 


Previous research on experimental techniques to separate noise in- 
side ducts into the acoustlc-^iuct modes-has largely been concemed_with 
fan noise. Mugridge (1969) used a technique -in which the outputs of two 
hot-wire anemometers were cross-correlated, after having been narrow 
bandpass filtered at a pure tone* frequency. The technique required that. 
the probes be traversed around the circumference of the duct- Bolleter 
and Crocker (1972) and Harel and Perulli (1972) both used a similar tech- 
nique employing microphones Instead of hot-wire anemometers. In these 
techniques separation of the radial mode orders requires radial as well 
as circumferential traversing. Yardley (1975) developed a modified tech- 
nique which separates the radial mode orders without radial traversing. 
This technique requires measurements at several axial stations and uses 
the solution of the wave equation in the data reduction. A complication 
of this technique is that the wave equation solution can be expressed in 
analytical form only for the simple case of a uniform mean flow. ..Another 
type of measurement technique, which uses the principles of eduction 
rather than cross-correlation_has been presented by Moore (1972). In 
this approach the pressure field in the duct is sampled and phase-averaged 
relative to the fan shaft rotation. In this way the part of the pressure 
>ield coherent with shaft rotation is educted. Cumpsty (1977) summarizes 
current state of the art in modal measurements in a recent paper. He 
states that. "All of the In-duct methods are difficult to apply, and it 
Is hard to obtain adequate accuracy, particularly when several modes are 
present, some of which may be cut-off, and where the modes are reflected 
back to the source from the intake or exhaust plane. Nevertheless, they 
represent an Important area where work should be continued." 

The techniques explained above are not particularly well suited to 
the measurement of broadband noise generated by a coaxial Jot In a pipe. 


* 

A 1 requency corresponding 
quency, for example. 


to a 


harmonic of 


the blade-passing fre- 


b 


The eJuct ion approach used by Moore is of no use^ because there is no 
applicable phase reference signal. Although the cross-correlation ap- 
proaches are more suitable, they require phase-matched narrow bandpass 
filtering and microphone traversing. Any differences in filter phase or-. 
amplitude response will cause measurement inaccuracies, in addition to 
errors associated with finite filter bandwidth- effects. A- second type 
of error results if the source exhibits any unsteadiness or long-term 
the microphone traverses. As -well as the errors which may 
be introduced by the filtering process, measurement techniques which re- 
quire narrow bandpass filtering are rather poorly suited for situations 
where the noise is essentially broadband in character, and measurements 
must be made at many frequencies. The need for -microphone traversing adds 
complications to the measurement techniques and also introduces a potential 
source of error. 

The mode separation techniques developed in this research avoid some 
of the complications of the previously discussed measurement techniques, 
such as phase-matched narrow bandpass filtering and microphone traversing. 
Only fixed— position microphones are used, and the signals are not narrow 
bandpass filtered. However, the assumption that the higher mode nodal 
diameters have no preferred angle in a time-averaged sense is necessary 
for both of the new techniques, the instantaneous and the t ime— averaged 
methods, which are developed in this chapter. Tlie time-averaged mode sep- 
aration technique requires the additional assumption that the modes be 
uncorrelated. The number of modes which- can be separated is limited, but 
the results have-high accuracy and the implementation of these new tech- 
niques is very simple compared to the previously discussed techniques. 

2.2 Acoustic rropagation Inside a Pipe Containing a Nonuniform Mean Flow 

In order to present the measurement techniques developed in this re- 
search, it is first necessary to briefly review the analysis of acoustic 
propagation Inside circular ducts. The geometry being considered is shown 
in Fig. 3. The duct is of radius r^, and the mean flow is in the axial 
direction and only a function of the radius. The equations are linearized 
about the mean flow, i.e., p ■ + p*, etc. Furthermore, the flow is 

idea.Llzed to be inviscid and isentropic. Thus the equation of state reduces 


7 


to p» ■ a^p * ». where a^ * ■4^ » the adiabatic speed_of sound, in the 

*■^0 o dp s 

medium. The duct walls are assumed to be hard; thus u^ ■ 0 at r ■ r^. 
The linearized continuity equation takes the form 


. /3u* u’ , 3u; 3u*\ 

^0 ^ Po (iTJ’ if) 


(2-1) 


The linearized Euler equations are given by 


3t 3z 

S.. !1 3^iBl 

IT ^ 3z p^r 30 


3u’ 3u' 3U 


p 3z 


(2-2a) 


(2-2b) 


(2~2c) 


The perturbation quantities are assumed to be of a propagating form, 


thus set 


p'(r,0,z,t) = Re P(r,0) e 


i(wt-k^z) 


u;(r.0,z,t) - Re Vj.(r,0) e 


i(o)t-k z) 


, etc. 


Here P(r,0), V^(r,0), etc., are mode shape functions which depend only 

on the transverse coordinates, u) is the circular frequency, and k^ is 
the axial wavenumber. With this substitution, + Uq * 

Thusv after substitution of the propagating form, V^., Vq, and in 

Eqns, (2-2a, -2b,. and -2c) can be solved for in terms of derivatives of 
P(r,0X* Substitution into Eqn. (2-1) produces an equation for P(r,0), 
when p' is replaced by p’/a^ . - Furthermore, the equation is separable, 
P(r,0) - R(r)0(0) and 0(0) ■ A cos m0 + B sin m0 , m ■ 0,1,... . 

Equivalently, this can be written as 0(0) * C cos (m0 + <|)) where 4» is 
an arbitrary phase angle. Nondimensionalizing in the following way. 


, and M 
k 


the equation for R(r) takes the fotm 
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dr 1 (1-kM) di 


L.2- 

Y r . 


(1-kM)^ 


«• 0 (2-3) 


Equation (2-3) was given in a slightly different form by Mungur. and 
Plumblee (1969). The boundary condition can be obtained simply from 

Eqn. (2-2a) as dR/d7 = 0 at 7 ■ 1. The solutions will be normalized 

such that R(l) ■ 1. This is an eigenvalue equation which has solutions 
only for certain values of k. No closed=form -solution exists for gen- 
eral M(r). 

The solution for M = const, is 


mn 


J (P r) 
m mn 

J (y ) 

m mn 


0 , 1 , 2 ,... 


n = 0,1,2, .. . (2-4a) 


- M ± ^1- (1-M^)(y^^/Y)^ 
(1-M^) 


(2-4b) 


where J is the Bessel function of order m and y are the values 
m mn 

of X for which ^ (J^(x)) “ 0. The + sign is used in Eqn. (2-4b) 
for downstream propagation. If Y ^ real and the 


for downstream propagation. If y > 


is real and the 


wave propagates down the duct with no attenuation. If Y ^ “ 

V 2 m , n 

1-M , the wave is exponentially attenuated with distance down the 

mil 

duct. Thus Yor called. the cutoff frequency. 

The behavior of the solution when Mach number depends on radius is 

similar to that for constant M. Above a certain frequency, is real 

and R (r) can also be shown to be real. However, R (r) and k 

mn mn mn 

must be determined .by numerical methods. In the experimental measurements, 
the noise level in all modes below their respective cutoff frequencies 
was negligible. Thus, only propagating tftodes with real k^^ will be con- 
sidered. 

Finally, the general solution can be written in the form 


pUT.e.I, -ES cos(m ^mn^ 

m n 


i(wt-k z) 
mn 


(2-5) 




where z ■ kz. 
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2«3 The Instantaneous Mode Separation Technique 

This technique uses four microphones . located at the same axial sta- 
tion and mounted such that their diaphragms are flush with the inner pipe 

wall. The microphones are spaced 90“ apart in the circumferential direc- 
tion. 

Consider a situation in which only the first three modes are propa- 
gating* Thus the pressure at the inner..pipe wall is given by 

p’(l,e,z^) = p^(0) - Cqq cos(a)t-kQQl^) + cos(0 + 4 >j^q) cos(wt-kj^Ql^) 

+ C^Q cos(26 + 4)2q) cos(wt -k2Qr^) (2.-6) 

Adding and subtracting the instantaneous outputs of the four micro- 
phones, we obtain 


Pw(0) 


+ P 


w(f) 


+ P„(TT) 


+ P. 


w \ 2 / 


4C 


00 


cos((ot-koo2o) 


(2-7a) 


^w^°^ ‘ “ 2^10 '^*10 (2-7b) 

^w^°> + Pw(Tf) - P„(f) - P„(-y) = 4C2Q cos cos(o)t - k 20 *o) <2-7c) 

after simplification by trigonometric identities. These functions will 
now be squared and time-averaged. To perform this operation, the behavior 
of and must be examined. For fixed d) . 




Where the bar denotes time-averaging. However,. for a coaxial turbulent 

Jet in a pipe there would be no preferred angle. Indeed, all angles would 

be equally probable. Under the assumption that varies randomly, the 

"^mn produce an average value of 1/2. It is reasonable. 

then, to define the modal time-averaged mean square pressure bv 

„ mn ' 



p2 , /_1\ mn „ 

mn \2/ 1 + e • “ 0, m - 0 ; e • 1, m - 1,2,3,. . . 

m 
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(2-8) 


u f 1 0^ and (2.0) tnod.s t itne“averagad 

The expressions for the (0,0), U,u;» ana > 

square pressures are then given by 

~ - IS 


mean 


00 


10 


i[p„(0) - Pw^”'] 


(2-9 a) 
(2-9b) 


20 


i|_P„(0) + P„(P). - P„(f) - Pw(f)] 


(2-9c) 


where P (6) is the pressure measured at the duct wall, at- z " Zq 

If ^he fourth mode is also included in the analysis (i.e. . if C,, 

. cos is added to the right-hand side of E,n. (2-6)) an a 

fifth .iorophine is counted at T - 0, z - a„. a si.,llar analys s leads 
to the following eapresslons for the (0.0), (1.0). (2,0), (3.0), and 


(0,1) modal pressures 
" 2 “ 


00 


31 


fe[p„(0) - P„(l) - 


>2 * iTp (0) - P„(tt)1 

10 4 1_ w' ' w .1 


20 


ij^p^(o) + p„(p) - p„(i) - p„(?)3 


(2-lOb) 


(2-lOc) 


and 


"^01 


t„ the above e,uatlo„s. P^ Is the pressure at 7-0. 7 - 7 • The^tj^- 
stants in Eqns. (2-ivr) and (2-lOd) are based on (0,0) an ( , 

Shapes for a uniform »ean flow profile. If these .ode shapes « 

significantly by a nonunifor. .ean flow profile, the constants would 

to be adjusted accordingly. 

A turbulent Jet by nature produces broadband noise which is steady 
only in a statistical sense. Although the technique has been presented 
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using monochromatic waves, the technique Is also valid for broadband 
noise as long a. the noise can be resolved Into acoustic duct modes. 

Thus the technique really measures the mean square value of the modal 
amplitudes. 

In noise generated by turbomachinery the modes may be phase-locked 
to the rotor rotation, which would cause the nodal diameters to spin with 
constant angular velocity. Although the phase angle would not vary 

randomly in this case, the nodal diameter would have no preferred direc- 
tion in a tl;ae-averaged sense. Thus the mode separation technique would 
still be. applicable, and the averaging would go through in a similar manner. 

2.4 The Time-Averaged Mode Separ a tion Technique 

This technique uses three microphones mounted flush with the pipe 
wall at the same axial location. The microphones are spaced 90» apart in 

the circumferential direction, i.e. , at 0 = 0, tt/ 2, and ir. 

Again, consider the situation in which only the first three modes are 
propagating. Setting 0 = 0 in Eqn. (2-6), squaring, and tlme-averagxng. 




^00 ^ "“L 


2^00^0 ‘^‘lO cos(o)t-kQoZ^) cos((0t-k^QZ^) 


+ 2 CqqC, 2 q cos 4>2 o co9(w'«- - cos(u)t - k 2 oZo) 


(2-lla) 


+ 2 C^oC 2 o cos 4)^0 cos cos(wt - k^^QZ^) cos(wt - k 2 QZo) 


Similarly, 


[fwW) - fwlf )] 


'••’bO + "^10 + *lo'^ vos2(mt - (2-llb) 


+ 4C^oCjj(cos tjo + bin 4.io> *20 ‘ >‘2oS> 

With tbc absumptlon that and * 2 (, vary randomly, the fourth 

and fifth terms on the right-hand side of Eqn. (2-lla) average to^ro. and 
the second term on the right-hand side of Eqn. (2-llb) becomes jq 
eliminate tne tetms Involving products of functions of md .(.jo. 

additional assumption that the values of and *20 uncorrolated 
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with- each other is necessary. For example, if and <^ 2 q were the 

same random fu ncti on of time , these terms would have the same order of 
2 2 

magnitude as and P 2 Q . Making the assumption that the modes are 

uncorrelated with each other, these equations reduce to 

P^O) ■ Poo * '’20 - <2-12a) 

and 

['»<“> - ^w(f 0 ■ “’20 + ^’'lO 

Ir Eqn. (2-lOb) is added to the sy stem, the s et of three simultaneous equa- 

2 2 2 

tions can be solved for Pqq, P^^q, and P^^q in terms of the measured 
quantities. The results are 

4 - (i) [■■„«» - ^ - f ['■w'") - p„(i)] ^ 

(2-13a) 

2 

and 

- 2 2 

^lo - (?)[''»<'” - '■v(f)J - 

Thus the time-averaged mode separation technique uses three microphones 
to separate the (0,0), (1,0), and (2,0) d<:ct modes. The assumption of 
uncorrelated modes is vital to the approach. The technique could be expanded 
easily to separate more modes. For example, to also separate the (0,1) 
and (3,0) modes would require only a total of five microphones, as op- 
posed to nine for the instantaneous mode separation technique. Also, if 
the noise field is sufficiently steady, the measurements need not be taken 
simultaneously, and only two microphones would be necessary. There is no 
requirement for microphone traversing or narrow bandpass filtering. Modal 
spectra are easily calculated by obtaining spectra of the measurands 
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and solvLn« Kqns. (2- Id) at eai'h rivqiunu-y. 

2 . 5 Instrumoiitat ton for t h e Instantmuaoius Modo. i>in 

A line diaRi-iun ot the instrumentation used for tlie Instantaneous tech- 
nique is shown In Kig. 4a.- Four B & K 1/4 in. condenser microplunies were 
located at the same axial station and spaced 90- apart in the eiicumferen- 
tial direction. The microphones were mounted such. that their dlaphragm.s 
were flush with the-inner pipe wall. The four microphone outputs were fed 
into an analogue circuit which performed additions and subtractions accord- 
ing to Eqn. (2-9a, -b, or -c), depending on which mode was being analyzed. 

The output of the analogue circuit was then lowpassed to avoid aliasing in 
tlie digital s;unpling. The 3 dB rolloff point was set at 5 KHz to match 
the characteristics of the filters used with the time-averaged mode separa- 
tion technique. The sampling rate of the digital sampling system was 20 KHz. 
The B & K analyzer was used to tunplify the signal before digital sampling 
by the analoj^'u^' dlj’ltal converter. 

T he s p e t r; \ we re oh t a in etl 1 1 y the aver ap, e vl p e i* i ed o x an\ lu e t hod (set 
Rabiner and Gold, 1973). In this technique, successive data samples are 
discrete Fourier trausfonned, after being operated upon with a window func- 
tion. The resulting Fourier transfoms are then averaged. For the instan- 
taneous teclmiiiue, b4 disc retu Fourier transfoniis were averaged. Since the 
data were analyzed real time on ,i H-P 2100 minUumiput er , the samples were 
sp.tced out over a time period of approx Imatel y ten minutes. The spectra 
were averaged over 31. b Hz bandwldths before being nonnalized to a band- 
width of 1 Hz. Final results were plotted In the frequency range 200-t)000 Hz 
The computer program PIPE was used to perform these operations. A listing 
can be found in Appendix Al. 

2 . b Inst rumen t at 1 int_l ttr^ f 

The instrumentation used for Ihe t Ime-averagcd mode separation tech- 
nique is shown in Fig. 4b. The thri'c microphone sigitals were llrst low- 
passed to avoid aliasing, prt'blems, then amplified to be compal Ible with the 
digital samplltig system. The sampling system was useil In the s imul t .tneous 


samplo and liold mode. The data acquisition rate was approximately 
42 KHz, wliich is the maximunu lor the system. Thus aliasing would occur 
for frequencies above approximately 7 KHz. The 3 dB rolloff point of 
the filters was set at approximately 5 KHz to avoid, this problem. The- 
filters were adjusted so that their f requeue y. response curves matched 
as closely as possible. The maximum deviation in amplitude response 
between the three f I Iters was 0.2 dB. The deviations were largest in 
the 3-4 KHz frequency range. The instantaneous subtractions (P^(0) - 
I’wOf)) and ) required for the technique were performed 

digitally. Spectra of 

p;(0) , (P„(0) - P^(n))2 , and (? ..,(0) - 

were then obtained in a manner similar to the instantaneous technique. 

The computer program PIPl!:4 was used for this purpose. The time-averaged 
data were then separated into the three acoustic modes by use of Eqns. 
(2-13). The computer program P1PE2 solved this set of equations at each 
center frequency of the 31. b Hz bandwidth data. The final spectra were 
normalized to 1 Hz bandwidth and plotted in the frequency range 200-6000 
Hz. Computer programs P1PE2 and PTPE4 are listed in Appendix Al. 

2.7 Co mpiirison of Spectra Measured with the Instantaneous and Time- 

Ave raged Techniques 

To further assess the advantages and disadvantages of the two mea- 
surement techniques, their outputs were compared for the. case of a coaxial- 
jet in a pipe. As well as examining the relative merits of the two tech- 
niques, this comparison answers the question of whether or not the noise 
propagating in different acoustic duct modes is correlated, lor this par- 
ticular case. The spectra discussed here were measured 2.36 meters down- 
stream of a 31.8 mm orifice located concentrically In a 97 mm l.l). pipe . 
The Mach number of the flow through the orifice was 0.37. 

The spectra measured with the instantaneous mode separation technique 
are shown in Klg. 3. The (0,0) mode is completely separated out up to 

*Kor a detailed discussion of the experimental apparatus, see Chap- 
1 1 ’ r I . 
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4400 Hz, the frequency corresponding to where the ( 0 . 1 ) mode 

starts propagating. Above this frequency the ’signal is a combination of 
the (0,0) and (0.1) modes. The (1.0) mode is completely separated 
out up to 4800 Hz. the frequency corresponding to Yor3 q’- which 

it combines with the (3.0) mode. However, in the ex^le shown there 

is a large increase (apj>roxim.-itely 7 dB) in the signal above 4800 Hz. 

Ihus the output at frequencies greater than 4800 Hz is dominated by the 
(3,0) mode. The level of the (1.0) mode is obscured in this, region. 
The (2,0) mode is completely separated out to a frequency cora'cspondlng 
to Ycr2^i»- where .it combines-with the (2.1) mode. This frequency is 
too high to be seen on Fig. 5. 

To check the assumption made in developing the instantaneous mode 
separation technique, the assumption of no- preferred angle for the nodal 
diameters, tlie microphone array was rotated and the measurements were re- 
peated. The results were unchanged, confirming the validity of this as- 
sumption. 

The first set of modal spectra measured with the time^averaged sepa- 
ration technique utilized spectra of 


r^o) 




Which were obtained by averaging 64 discrete Fourier transforms. The 
results are shown in Wg. 6. The spectra exhibit the s;une overall char- 
acter as-those obtained with the instantaneous tcclmique. However, the 
(0,0) mode has much Lirger fluctuations, at frequencies above the cutoff 
frequency of the (l.O) mode, than those obtained with the Instantaneous 
technique. rite (1,0) mode agrees very well with the results of the In- 
stantaneous technique. This is to be expected, since no subtraction of 
time-averaged data is Involved in Eqn. (2-13b). The (2,0) mode has a 

substantial amount of noise below its cutoff frequency and in the vicinity 

of 5 KHz. To explain the slgnif Ic.mcc of the sharp spikes In the spectra, 

a note on the way the spectra are plotted may he lielpful. The spectral 

points are llrst plotted and then connected with straight lines. Thus a 
single .spcetral point far off the curve can cause a spike ot the type 
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The similarity of the overall shape and levels of the spectra ob- 
tained by the instantaneous and- t lme-avera>;ed techniques leads to the 
conclusion that the modes are uncorrelated, or at least that they are 
not corre lated over a broad frequency range. To strengthen this conclu- 
sion it is necessary to reduce the difference Inthe spectra obtained by 
the two techniques to the experimental uncertainties Inherent in the 
methods. 

The Aincertainty in the measurement techniques can . basically be 
thought of as consisting of two parts. The first part results from an 
Insufficient averaging process during the measurement. It is nomaliy 
charactearized by a s>Tnmetric scattering of points about the true value. 

An. Increase in the number of .samples obtained reduces this error. The 
second type of error is a fixed error reUited to the type of instrumen- 
tation used In the experiment.. The fluctuations seen in the time-averaged 

output In general seem to be of the... first type. To check if this was the 
case, the time-averaged mode separation measurement was repeated, using 
a larger number of discrete Fourier transforms in the averaging process. 
The results obtained, using an average of 25b discrete Fourier transforms,, 
are shown in Fig. 7. A marked improvement is seen in the (0,0) mode 
spectra and in the (2,0) mode spectra above its cutoff frequency. The 

improvement in the (2,0) mode spectra below its cutoff frequency is not 

as striking. However, this can he explained by fixed system error. The 
equation from which the (2,0) mode is calculated (Fqn. (2-l3c)) contains 

and [l'„(0) - 

The filters used to lowpass P (0) and P (n) matched verv eloselv in 

• w w * 11 * 

amplitude response. However, the filter used to lowpass drvia- 

l ed appn^xlmately 0.2 dH in amplitude response form the other two filters, 

U>r trequeneies above 2 KHz. Tills will cause approximately a 5% eaneella- 

t ion error in Fqn. (2-l lc). Tlie magnitudes of 





aiui r^(O') - 


in the 2-3.4 KHz range are. such that the incomplete caneellat ion will re- 
sult in .in average signal level ol approximately 5(> dU, with a largo 
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.„ou„t o£ Bcattar. ThU £s basically the behavior area In the (2.0) 

mode speetra below its cutoff frequency, 3AOO Hz. , , 

: the region above tha enroll lro,nenc, I- -lltnhc^ol tha^als- 

nals is such that this type of error is not signi can ^ 

mode is much cleaner below its cutoff Tile-averaged subtrac- 

matched very well in this frequency range, an 

tion is involved. Thus the deviations between Xhe output of t e 
ranaona aah t_ra.a techn.nna are 
explained in terms of measurement erro . 

I ion that the nolae .enerateh by a coaxial )eh In a plpo an. propa- 
.Itln, in hlllerent aconatlc .net .ohea haa In lact no lnt.r-.o.e 

correlation. 


2.8 Summary 

y„o a.odal separation »easnrc.ent -=>'"‘^“'Y’“''\':",riaror- 

..„d applied to the case ol noise generated by lion throngh a co..xlal 

‘srrnetlon In a pipe. One rechnl,n. re,nlres the 

1„ the different aconstlc dnet modes is nncorrelatc . 

comparison of the resnlts ol the two technl,nes shons that 
fact the case, for the type ol sonree considered here. 

The lnstnntaneonajode_seimra^ technique nses Conr »a 

mlcropho„;::^;;:^.0- ap.rt in the clrcnmf erent l„l 
rate the first three .aeonstlc dnet m^es below the 

renrth mode starts propagating. Tl.e only assnmpt.on reqn red Is ^ 

higher mode nodal dh-olers have no preferred angle In a tlm^ 

sense. The technique eonld also be extended to situations >.1» ■ 

not the case. All modes are completely sep.atated below the ento . c 

-M n 0^ and (2,0) modes ;»re actually 

rpTItel l!t n!!t“.wTder'fternehCy’range. and Inrcfatlon abent higher 

.Odea, such aa the (3.0) mode, eaa often he obtained. The tec 
only reqnlrea Instantaneons addition and snbttatllon ol the mlcrop 
on. nts in addition to common apecttal measntement 

„„one traversing or phase-mnrehed narrow hand 1 11 ter, are r 0 ■ - ^ 

'method. The aeentacy of the techalqne la high (unwanted m de c clU 
on the order of 40 dl.) . even when several modes ate present. 
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technique could be extended to separate the (0.1) mode with only the 
addition of one more microphone at the center of the pipe. However, a 
complete separation of the (3.0) mode in the presence of all the lower 
modes would require four additional microphones. This problem would not 

be so. severe if all of the lower modes were not present. 

The nod, separation technique uses three wall-mounted 

mlerophones to separate out the first three acoustic duct modes, but re- 
quires the additional assumption that the modes are uncorrelated. A 
matrlK operation on three time-averaged spectra produces the-modal pres- 
sure spectra. The technique requires only two microphones If the noise 
source is sufflclentiy steady. This technique Is easily extended to mea- 
sure a larger -number of modes. Only one more microphone (or one additional 
measurement lor a steady source) is required for each additional mode. 
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Chapter 3 

EXPERIMENTAL MEASUREMENTS OF NOISE GENERATED 
BY FLOW THROUGH COAXIAL RESTRICTIONS IN PIPES 

3.1 Previous Research _ 

A majority of the research on noise generated by flow through 
restrictions in pipes has been concerned with the problem of control 
valve noise (Allen, 1969;. Baumann,. 1970; Heymann, 1973; Nakano, 1968; 
and Seebold, 1970). Much oJE— this research is-aimed at developing low 

noise values and/or predicting the overall noise level of specific types 

of -valves. The noise level at a given distance away from the pipe is 
commonly the quantity predicted, and the results are strongly dependent 
on the actual design of the valve and on its installation. Thus these 
engineering prediction schemes lack universality and should be consid- 
ered as schemes which interpolate specific sets of experimental data, 
rather than as scientific prediction methods. To produce more fundamen- 
tal prediction techniques than those presently available, a deeper 
understanding of the noise generation process and the coupled process of 
noise transmission through the fluid inside the pipe and through the 
pipe wall itself is necessary. 

Fundamental studies of noise generated by flow through restrictions 
have concentrated on measurement of the noise levels inside the pipe; 
these studies entail two complications. First, the noise is usually in 
the frequency range where more than one acoustic mode is propagating 
inside the duct. Second,, hydrodynamic as well as acoustic pressure 
fluctuations exist inside 4:he pipe. The experimental problem of separa*- 
tion of the acoustic pressure signal from hydrodynamic noise has received 
the most attention. Only a few techniques are available for this pur- 
pose, Karvelis (1975) used a cross-correlation technique to separate the 
acoustic pressure from the hydrodynamic pressure in the region downstream 
of an orifice. This method works well when only plane waves, the (0,0) 
mode, are present. His technique and our adaptation use two microphones 
mounted flush witii the inner pipe wall. One microphone is displaced some 
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distance in the axial direction with respect to the other. The outputs 
of the two microphones are time delay cross-correlated.— A peak in the 
correllelogram occurs at a delay time e^ual to the time it takes for the 
acoustic wave to traverse the distance between the two microphones. The , 
hydrodynamic pressures measured by the two microphones .are generally 
uncorrelated at this delay time, and hence- the peak value of the cross- 
correlation gives the amplitude of the acoustic wave. This technique 
does not work as well when higher acoustic duct modes are propagating, 
since the higher modes are dispersive (i.e., the phase speed of the 
wave is a function of frequency). The proper delay time then becomes a 
function of frequency, making the results difficult to interpret. 

In a different study, Roberts and Johnston (1974) used a specially 
designed rig (see Fig. 2) to separate the acoustic pressure fluctuations 
from the hydrodynamic pressure-fluctuations. The flow enters and exits 
the rig radially through sections of porous pipe. Acoustic waves 
generated by flow through a centrally located restriction propagate on 
past these porous sections into the no-flow regions of the pipe before 
being absorbed by the anechoic terminations. In the no-flow regions of 
the pipe only acoustic pressures are present. However, elimination of 
the hydrodynamic pressure fluctuations by this method causes some 
attenuation of the acoustic waves. 

The present research is a continuation of the program initiated by 
Roberts. Cross-correlations of the type just discussed were obtained 
during an early phase of the research. These measurements showed. that, 
for circular obstructions with a flow passage diameter less than one 
half of the pipe diameter, hydrodynamic pressure fluctuations were small 
compared to the acoustic pressure, at locations greater than 10 pipe 
diameters downstream of the restrictions. Therefore, the present study 
concentrated on measurement of the modal characteristics of the sound 
field downstream of the source region near the restriction, without the 
necessity to resort to cross-correlations or placement of microphones in 
a no-flow zone. To the author's knowledge, modal spectra of this type 
have never been presented in the open literature for the case studied 


21 


here, that of noise generated by flow through coaxial restrictions 
(orifices and nozzles) in pipes. 

3.2 Experimental Appa r atus and Instrumentatio jt 

Th. experimental apparatus, a sketch of which is shown in Fig. 2, 
is basically a 4 in., nominal diameter P.V.C. schedule 80 pipe, approxi- 
mately 11 meters long. The pipe is terminated on both ends by anecholc 
terminations. Which ha,e- excellent absorption coefficients (above 984) 
at frequencies greater than 250. Ha. Thus 250 Hz is the lower frequency 
limit for the measurements. The flow enters and exits radially t roug 
bnonae porous elements of the same inner diameter as the pipe (97 
The air is supplied by a 300 SCFM compressor at a flowrate contro e 
by a pressure regulator upstream of the inlet plenum. Flow metering is 

by a Meriam laminar flow meter. 

The maximum attainable mean velocity in the 97 mm. diameter 
tlons of the pipe is approximately 15 m/sec. The pipe is equipped with 
static pressure taps and probe ports for flush mounting of 1/4 in. and 
1/2 in. microphones. A picture of the rig is shown in g 

Bruel and Kjaer 1/4 in. condensor microphones were used in the 
measurements. The microphones are not designed to be exp.osed to a higher 
level static pressure than the attached preamp. To permit measurements 
inside the pipe, at pressures up to 3 atmospheres, it was necessary to 
seal the adapter between the 1/4 in. microphone and the 1/2 in. pre- 
amplifier. The R.T.V.* sealant used for this-purpose did not affect the 
output or frequency response of the microphone system. A picture of tne 
microphone, adaptor and preamp is shown in Fig. 9. The four microp 
are shown mounted in position for the measurements in Fig. 10. 

The instantaneous mode separation technique of Chapter 2 was used 
for the measurements presented in this chapter. The instrumentati 
the technique was identical to that discussed previously, except for t e 
method of analogue filtering. The data presented in this chapter were 


*General Electric R.T.V. Type 102. 
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taken using two analogue filters to bandpass the signal between -300 
and 7000 Hz. The pressure spectra are presented in the frequency range 
200-6000 Hz. The measurements were made 1.1 meters (11.5 pipe 
diameters) downstream of the front face of the restriction, unless 
otherwise indicated.- Other pertinent dimensions are shown on Fig. 2. 
For more information on the experimental apparatus, consult Roberts 

and Johnston (1974). 


3.3 Definition of Parameters 

Several of the parameters used in presentation of the data require 
some explanation. The flow speed through the restriction is character- 
ized by the indicated Mach number, M^ . This Mach number is calculated 
by assuming an isentropic expansion of the gas from upstream conditions 
(P ,T ) to the minimum wall static pressure (Pj^) measured just down- 
stream of the restriction. When the restriction is an orifice, the 
minimum wall pressure occurs at or near the vena contracts of the ori- 
fice jet. For a nozzle jet the indicated Mach number is calculated using 
the pipe wall static pressure measured very near the axial location of 
the nozzle exit. In the jet, at the vena contracta of an orifice or the 
exit plane of a nozzle, the mean velocity profile is nearly uniform and 
parallel and the total pressure and temperature are equal to the up 
stream conditions. The pipe wall static pressure equals jet static 
pressure in subsonic flow, in which case M^ is very nearly equal to 
the real jet Mach number. For choked flow cases, M^^ exceeds 1.0 an 
is only a rough indication of the average jet speed. In this situation 
the jet will successively over-expand and shock down at a few axial 
stations until mixing reduces the mean Mach number to subsonic speed (at 
x/d > 10 , see Thompson (1972), Fig. 9.18, p. 463). However, since the 
noisl generation is predominantly in the shear layers immediately down- 
stream of the orifice or nozzle exit, a Mach number representative of 
the velocities in the core of the jet before substantial mixing has 
occurred seems most appropriate for correlation of the noise data. 
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The- frequency ratio, , is a second parameter used in 
presentation of— the experimental results. This parameter is the ratio 
of two nondimens ional frequencies, both of which. are important in the 
case of a confined jet. The frequency spectrum of free jet noise can 
be roughly scaled by the Strouhal number (se,e Banerian,. 1974) , 

St = fd/U , where f is the frequency, d is the jet diameter, and- U 
is the jet velocity at the nozzle exit. This nondimens ional frequency 
is also important in the confined jet case. However, for a confined 
jet the noise propagates in. the acoustic duct modes. The behavior of 
the acoustic duct modes propagating inside a circular duct is governed 
by the nondimensional frequency Y ® ^ circular 

frequency, r^ is the duct radius, and a^ is the adiabatic speed of 
sound in the gas. The frequency ratio, defined by f^ = yf-nSt « U^Wa^d , 
has been found to be useful for correlating the spectral measurements 
presented in this report. The physical reasons for this are discussed 
in detail in Se''tion 3.5.1. 

3.4 Parameter Ranges Covered in the Experiments 

Modal pressure spectra were measured for four orifice sizes (12.7, 
19.0, 31.8, and 50.8 mm diameters) and three nozzles (3.18 mm diameter 
and two 16.2 mm diameter nozzles with respective throat length-to- 
diameter ratios of 1 and 8) . Thus the ratio of restriction diameter to 
pipe diameter, d/D , ranged from 0.03 to 0.52. 

In order to compare noise generation by an orifice to that by a 
nozzle, the size of the 16.2 mm nozzle was chosen to match the cross- 
sectional area of the 19.0 mm orifice vena contracta, for a value of 
a 1 . The purpose of the extended throat nozzle was to produce a 
thicker bov-ndary layer at the nozzle exit. The displacement thickness 
at the nozzle exit, estimated from mass flow measurements, was approxi- 
mately 0.10 mm for the short nozzle and 0.25 mm tor the long nozzle. 

The values of the indicated Mach number, M^ , ranged from 0.15 to 
1.23. The Reynolds numbers, based on orifice diameter and vena 
contracta conditions, or nozzle exit conditions, covered the range 
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4 X 10 to 6 X 10- , The frequency ratio, , varied from 0.18 to 

28,0 , although this large raftge of_ f^ values could not be attained 
with a single restriction. 

3.5 Experimental Results 

In this section the major experimental resuLts ara presented. To 
insure that the measured fluctuating pressure levels were actually due 
to noise generated at the restriction, the hydrodynamic and rig back- 
ground noise levels were also measured. For convenience, these measure- 
ments are presented and discussed later in Sections 3.6 and 3.Z. With 
few exceptions, the rms levels of the hydrodynamic and background pres— 

fluctuations were 15 to 20 dB below those of the noise generafed 
at the restriction. 

During the course of the preliminary measurements it was found that 
the experimental rig selectively absorbed noise in the higtier modes at 
particular frequencies. This behavior is discussed in Section 3.8. The 
measurements presented in this section were taken sufficiently close to 
the noise source that they were not affected by the selective sound 
absorption process. 

The effect of the outlet plenum on the sound waves was also 
examined during the preliminary experiments. The measurements of outlet 
plenum attenuation are given in Section 3.9. The data presented in the 
present section were not affected by outlet plenum attenuation, as the 
measurements were made upstream of the outlet plenum. 

The modal pressure spectra were measured using the Instantaneous 
mode separation technique discussed in Chapter 2. The spectral results 
were stored on digital magnetic tape for later analysis. The axial 
sound power spectra for the (0,0), (1,0), (2,0), and (3,0) modes were 
calculated using the measured pressure spectra. These power spectra 
were integrated to obtain downstream overall power levels, and the acous- 
tic source efficiencies were then calculated. The acoustic, efficiency 
was defined as overall downstream power level normalized by the total 
jet kinetic energy. The energy calculations were performed by the 
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computer program PIPES, listed in Appendix A2. The modal pressure ana 
power spectra, as well as overall sound pressure, power, efficiency and 
flow rate data in tabular form, are presented in Appendices A3 and Ah. 

The experimental uncertainties in the results were calculated usirg 
the method of Kline and McClintock (1953), appropriate for single-sample 
experiments. The uncertainty in all the measurands was estimated at 
20:1 odds; see Appendix AS for details. The experimental uncertainty in 
the sound pressure level measurements was estimated to be ±0.2 dB. This 
results in an uncertainty in the efficiency level of less than ±6%. The 
uncertainty in the flow rate measurement was generally about ±1%, and 
that in was less than ±1%. 

No fluid dynamic data other than flow rate parameters were measured 
for the orifices. Wall static pressure profiles and mean velocity pro- 
files for the orifices are. presented by Roberts and Johnston (1974). 

The wall static pressure profiles for the two 16.2 mm nozzles were mea- 
sured in the present investigation. These static pressure profiles are 
presented in Appendix A6. The agreement with the wall static pressure 
profiles for the 19.0 mm orifice which were presented by Roberts is 
excellent, for similar values of . This indicates that there is 

little difference in the fluid dynamic behavior produced by a nozzle and 
by an orifice, if the nozzle cross-sectional area is chosen to match the 

orifice vena contracta. 

3.5,1 Characteristics of the Modal Pressure Spectra 

The shape of the modal pressure spectra was found to be strongly 
dependent on the frequency ratio, f^ = U^D/a^d . A typical set of 
modal pressure spectra for a low value of the frequency ratio, 
f - 1.19 , is shown in Fig. 11. The spectra fall off rapidly with 
increasing frequency, and the (1,0), (2,0), and (3,0) modes dominate the 
(0,0) mode above their respective cutoff frequencies. The spectra of 
the higher modes rise to a sharp peak at their cutoff frequencies, where 
the mode is at a resonance condition. The cuton of a particular mode 
seems to have no influence on other modes already propagating. 
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Modal pressure spectra were also measured for a 3,18 mm diameter .. 
nozzle (d/D • 0.03 , 15 ^ ^ 28) . A typical set of spectra for 

this restriction is shown in Kdft. 15. - These specura exhibit the same 
^>eneral characteristics as seen for larger restrictions at Irlgh values 
of the frequency ratio, except for the. behavior of the (0,1) mode. 

In the case of the 3.18 mm nozzle, the (0,1) mode did not die off 
rapidly above its cutoff fr4?quency, as it did for cases with larger 
(d/D) . The stronger excitation of the-- (0,1) mode in this case is due 
to the luvise source region for the 3.18 mm nozzle being concentrated 
closer to the pipe axis-than the-source reglotts for the larger restric- 
tions. Since the (0,1) mode shape has- its maximum value at the pipe 
CiMiter, a no5.se source concentrated near the pipe axis would be expected 
to excite this mode. 

To understand why the spectrum shape varies in the manner discussed 
above, it is necessary to review briefly the dimons.tonal arguments 
normally used in explaining a free Jet spectrum sluipe (nee, for example, 
Rlbncr, 1964). The free Jet spectrum exhibits a broad peak in the 
vicinity of St * 0.2 and rolls off at high and low frequencies 
(Uaneriaii, 1974). In the dimensional reasoning, the assumption Is made 
that a given region of the Jet emits rmly a single frequency. Thus 
different regions of the Jet are responsible for different parts of the 
frequency spectrum. The high frequency noise Is generated In the region 
close to the nozzle exit. In- this- region the characie4‘ist ic velocity is 
given by the Jet velocity, U , and the characteristic lengtli is given by 
the shear layer thickness, . The characteristic frequency is then 
given by . Since 6 grows rapidly with axial distance from the 

nozzle exit, the highest frequencies are generated very close to the 
nozzle exit plane. The spectrtim peak, at S( > 0.2 , is considered to he 
generated 5-10 diameters downstream of the nozzle exit, and the low fre- 
quency end of the noise spectrum is generated in tlie fully developed 
region of the Jet far downstream (x/d 10) of the nozzle exit. 

For Jets confined in a pipe of diameter D , where the (d/D) ratio 
Is small. It Is reasonable to assume that the mean Mow ami turbulence 
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levels in the jet are not greatly affected. by the presence of the 
confining pipe wall. In this situation the noise source Itself is very 
similar to a free jet, and only the radiation, conditions are different. 
Thus it might be reasonable to assume that the noise spectrum peak 
would occur in the vicinity of St ® 0.2 , i.e.,.near the frequency 
given by fg^ * 0.2 U^/d . The Strouhal frequencies calculated in this 
manner are noted on Figs. 11-14. In our experiments fg^ is- propor- 
tional to the frequency ratio, f^ , as (D/a^) was nearly, constant for 

all test cases. It can be seen that the lower the value of f_ the 

oc 

more rapidly the spactxa fall off with increasing frequency. For high 
values- of fg^ the spectrum is basically constant. .Thus, for.J.ow 
values of the frequency ratio, f^ , the spectrum in the 200-6000-Hz 
range is basically the high-frequency end of the jet noise spectrum. 

For high values of f^ the wide peak of the jet noise spectrxim lies in 
the range 200-6000 Hz. No cases for which measurements were taken 
resulted in values of fg^ high enough to show the extreme low end of 
the jet noise spectrum in the 200-6000 Hz range. 

Although the overall shape of the noise spectrum can be explained 
easily from dimensional reasoning, an understanding of why the higher 
modes are dominant above 2000 Hz for low f^ and are almost equal to 
the (0,0) mode for high f^ requires a more detailed examination of 
the turbulence structure in the jet. Recent research (Mollo-Christensen, 
1967; Fuchs, 1972; Lau et al., 1972; Moore, 1977) has indicated that 
large-scale structures exist in turbulent jets. The structures are 
strongly coherent in the initial regions of. the jet, before the potential 
core disappears. The coherence of the structures seems to decrease 
gradually with distance downstream of the nozzle exit. These large co- 
herent structures are often described as coalesced vortex rings generated 
by the instability and subsequent rollup of the vortex sheet (Yule, 1977). 
The vortex rings are thought to be subject to circumferential instabil- 
ities which, when experimentally observed, are called fluting. This 
fluting, regardless of its origin, can be described as a wave-like forma- 
tion on the vortex rings, with various numbers of nodes and antinodes 
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spaced about the circumference. Such a structure would generate 
pressure fluctuations with circumferential coherence, and thus be a 
very effective source mechanism for higher-mode noise generation. The 
fact that the vortices seem unstable to circumferential disturbances 
would emphasize production of higher circumferential modes ((1,0), 
(2,0), (3,0), etc.) over- the circumferentially symmetric (0,0) and 
(0,1) modes. 

At dif tances-farther downstream iu the jet, where the lower fre- 
quencies would be gejierated, the large-scale structures have lost much 
of their circumferential coherence- Thus the higher modes would not be 
expected to dominate over the (0,0) mode in cases where the noise in 
the frequency range 2000-6000 Hz is generated sufficiently far down- 
stream. This is the case for high frequency ratio. 

The description of the large-scale structures given above has 
generally been observed in low Reynolds number jets by means of flow 
visualization techniques. It is not clear that the above description 
is in all-ways appropriate to the actual experimental conditions, which 
involve much higher Reynolds numbers. However, experimental measure- 
ments of a higher Reynolds number jet (Re = 4 x 10^) by Michaike and 
Fuchs (1975) have shown that circumferentially coherent structures exist 
in the initial region of the jet, and that higher circumferential modes 
are-important at higher frequencies. This work-^pports the above 
explanation of higher mode domlnance-for low f^ , 

3.5.2 Modal Power Spectra and Overall Efficiency Levels 

The modal pressure spectral measurements were converted to modal 
power spectra by use of the energy weighting function. The energy 
weighting function relates a wall pressure fluctuation to acoustic power 
flow in the direction of the pipe axis. The energy weighting function 
is a function of frequency, and is different for different acoustic duct 
modes. Thus the total downstream acoustic energy flow is calculated by 
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Ihe theoretical-development -of t4ie energy weighting functions is covered 
later In-Cluipter 4. In^this chapter we chose to utilize the physioal 
energy flux definition,, with the assumption of a uniform-mean flow pro- 
file^ The slug flow assumption gives -accurate results (less than 2% 

error) in the flow rate and frequency ranges encountered In the exi'ori- 
ments. 


The modal power sp.ej:tca were calculated by multiplying each 
spectral point — (an average over a bandwidth of. 31.6 Hz) by the energy 
weiglitlng function associated with- the bandwidth ceirter frequency. Two 
modifications to the measured modal pressure spec-tra were performed 
prior to calculation of tlie-power spectra. First, the (0,0) mode 
pressure spectrum has a sharp peak in the vicinity of 4500 Hz. where the 
(0,1) mode starts propagating. However, this peak dies off rapidly** 
and is not associated with power flow-ln the (0,0) mode. The (0,1) 
mode peak was removed by making a straight line approximation to the - 


(0,0) mode pressure spectrum in this region. Secondly, above 4800 Hz 
the (1.0) mode is combined with the (3,0) mode. However, in many 
cases the (3,0) mode dominates the signal strongly. Tims the modal 
pressure speetrum_in this region-is assumed to be equal to the (3,0) 
mode only, and a_«rralght line approximation to the (1,0) mode pres- 
sure spectrum was used above 4800 Hz. For illustration, the calculated 
modal power spectra associated with the pressure spectra In Fig. 11 are 
sliown In Fig. lb. 

The overall acoustic cniclency and the efficiency of each mode 
wete calculated using tlie following definition of acoustic efficiency. 
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where J* is the calculated downstream energy flow, m is the-mass 
flow rate through the restriction, and is the indicated velocity 

calculated by an isentropic expansion to the minimum wail pressure 
measured just downstream of the restriction. The overall efficiency, 
which is the sum of the efficiencies of the (0,0), (1*0), (2,0), and 
(3,0) modes, is plotted as a function of in Fig. 17 — 

The overall efficiencies for the 12.7 and 19.0 mm-orifices vary 
approximately as . very similar to the dependence predicted 

for a free jet by the Lighthill theary. The overall efficiency curve 
normally associated with free jets, n - 2 x lO"^ , is plotted on 
Fig. 17 for comparison. It can be seen that the order of magnitude of 
the present, results is also similar to that of the free jet case. 

The overall efficiencies for the two 16.2 mm nozzles agree very 
closely with each other and with the results for the 19.0 mm orifice. 

The cross-sectional area, of the nozzles was chosen to match the vena 
contracts of the 19.0 mm orifice. Thus the close agreement in these 
experimental results indicates that the exact shape of the obstruction 
is not critically important in determining the sound power generated. 

The efficiency curves in Fig. 17 show a strong dependence on the 
diameter ratio, (d/D) . An increase in (d/D) produces a higher value 
of the efficiency, for constant . There are two possible reasons 

why this might be the case. First, as (d/D) increases, the influence 
of the confining pipe wall on the jet structure increases. The entrain- 
ment and turbulence structure within the jet will be altered, and the 
noise generated by unsteadiness in the region where the jet reattaches 
to the pipewall may also become important. However, as (d/D) becomes 
sufficiently small, effects based on such hydrodynafnic causes should 
become unimportant* 

Mean flow and wall hydrodynamic pressure measurements indicate that 
the type of (d/D) effects discussed above are probably not important 
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power generated by the 31.8 nm orifice, a portlonoot the lower end of 
the Jet-nolae epectrum has been neglected. This could explain why the 
data for the 31.8 nni orifice tall below the data for the 12.7 and 
19.0 ntuorlflces In Fig. 18. However..,lf the lower values for the 
31.8-sm orifice were exclusively due to the measured frequency range 
being off the peak of the Jet noise spectrum, the data at lower values 
of M, would appear proportionately farther below the 12.7 mm and 
19.0 mm orlflce.data, since .this effect Increases tor lower . 

comparison with the extrapolated curve on Fig. 18 show, that this Is 
not the case, contradicting a simple explanation that the lower values 
for the 31.8 mm orifice are simply due to the measured frequency range, 
being off the peak of the Jet noise spectrum. Ihls..result leads us to 
believe that those (d/D) effects which are caused by the influence 
of the confining pipewall on jet turbulence and entrainment, or poss y 
the noise generation associated with flow reattachment, are of Impor- 
tance for the 31.8 mm orifice. 

The results for the 50.8 mm orifice are also shown on Figs. 17. and 

18 Although the two points show (d/D) trends similar to those observed_ 

for the 31.8 mm orifice, the actual values should be viewed with some 
skepticism, for the reasons discussed In Sections 3>6 and 3.7. 

The result of a simple acoustic power measurement, using one wa 
mounted microphone, was compared to the exact acoustic power in the 
frequency range 200-6000 Hz calculated by use of the modal pressure 
spectra. For the single microphone measurement it was assumed. In 
calculating the acoustic power flow, that the total signal measured by 
the microphone was that of a plane wave. The single microphone measure- 
ment typically gave a sound power level approximately 1.5 dB above t e 
actual sound power. The greatest difference between the two measure- 
menta was less than 2 dB. An overestlmatlon of the acoustic efflc ency 
by approximately 402 would result from an error In sound power measure 
meat of 1.5 dB. Although an overestlmatlon of this amount Is not 
extremely bad for such an easily ob.alned acoustic measurement, the 
lack of information about the modal characteristics of the sound fie 
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might result in a much more serious error in estimating the noise 
that would be transmitted through the pipewall or out the pipe inlet 

or outlet. 


3.6 M.f >nltudes of the Hydrodynam i c Pressure Fluctuations at , . t he 

Measurement Station 

The modal pressure measurements were made upstream of the outlet 
plenum in the region containing turbulent-pipe flow. No effort was 
made to eliminate the influence of hydrodynamic pressure variations 
in .the development, of the modal measurement techniqi#e. Thus the 
acoustic measurements would be incorrect if the acoustic pressure 
fluctuations were not large compared to hydrodynamic pressure fluctua- 
tions. This potential source of error was easily checked, by use of a 
cross-correlation technique (discussed on page 20), at least in the 
200-2100 Hz frequency range, where only plane waves propagate. Cross 
correlation measurements showed that the hydrodynamic pressure fluctua- 
tions were approximately 15 dB below the acoustic pressure fluctuations 
in the 200-2100 Hz frequency range, for all restrictions except the 
50.8 mm orifice. In the case of the 50.8 mm orifice, with » 0.225 
(the highest flowrate), the cross-correlation measurement showed- that, 
the hydrodynamic pressure fluctuations were approximately 9 dB below 
the acoustic pressure fluctuations in the 200-2100 Hz range. Details 

of these messurements ere given in Appendix A7. 

Above 2100 Hz, higher modes can propagate and the ctoBs-cottelation 

technique is not as useful. However, at sufficiently high frequencies, 
the turbulent pressure fluctuations will be essentially uncorrelated 
over distances of the order of the pipe radius. Ihen, separating the 
wall pressure fluctuations into the acoustic and hydrodynamic parts, 

i.e., P„(0) ■ + '■hydro<®> • 

we obtain 
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Thus the error term associated with the (0,0) and (2,0) mode 
measurements is 3 dB below the corresponding term in the (1,0) mode 
measurement, for uncorrelated hydrodynamic pressure fluctuations. Now, 
below the cutoff frequency of a particular mode, acoustic pressure 
fluctuations die of f_sxponentially from the source. Thus, at a -reason- 
able distance downstream of the noise-generating region (>. 5D) , for 
frequencies below the mode cutoff frequency, essentially only hydro- 
dynamic pressure fluctuations will be detected by the measurement tech- 
nique. Therefore, examination of the (1,0) and (2,0) mode spectra 
below their cutoff frequencies- will give a good indication-of the 
magnitude of the hydrodynamic pressure fluctuations at higher frequen- 
cies. 

Typical modal spectra for the 50.8, 31.8, and 19.0 mm orifices are 
shown in Fig. 19. The 50.8 mm orifice has the largest hydrodynamic 

pressure fluctuations. However, even in this case the higher mode 

acoustic pressures-are at least 20 dB higher than the cdntributlons due 
to the hydrodynamic pressure fluctuations, as evidenced by the rise in 
the (1,0) mode spectra at its cutoff frequency. However, the (0,0) 
mode spectra may have been influenced by hydrodynamic pressure fluctua- 
tions, for the 50.8 mm orifice. Examination of the higher mode spectra 
below their cutoff frequencies for the 31.8 and 19.0 mm orifices shows 
that these measurements were uninfluenced by hydrodynamic pressure 
fluctuations. The hydrodynamic pressure fluctuations are smaller, 
compared to the acoustic pressures, for the 19.0 mm orifice than for 
the 31.8 mm orifice, as would be expected. 
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A final point of interest is that the difference between the error 
terms for the (1,0) and (2,0) mode spectra (i.e., the spectral 
curves below the (l,il) mode cutoff frequency, 2100 Hz) is approxi- 
mately 3 dB. This was the result obtained in Eqns. (3-3), in which it 
was assumed that the hydrodynamic pressure fluctuations at each micro- 
phone were uncorrelated. Also, for the highest flowrate case with the 
50.8 mm orifice, = 0.225 , the (1,.0) mode error. term lies 
approximately 12 dB below the. (0,0) mode spectra.* Since the (1,0) 
mode error term in Eqn. (3- 3b) is equal to y , this shows 

good agreement with the cross^correlation measurement, which gave a 

value of 9 dB below the acoustic pressure in this frequency 

range. 

The results presented in this section show that the acoustic modal 
pressure measurements were not influenced by hydrodynamic pressure 
fluctuations, with the possible exception of the (0,0) mode for the 
case of the 50.8 mm orifice. 

3*7 Background Noise 

In the previous section, the possibility of noise measurement errors 
due to the presence of hydrodynamic pressure fluctuations was discussed. 
However, even though the hydrodynamic pressure fluctuations are small 
compared to the acoustic pressure fluctuations, the background noise 
generated by the rig itself may influence the measurements. To check 
these background noise levels, modal pressure spectra were measured with 
no restriction in the test section. The background noise levels-were 
then.compared to pressure spectra measured with a restriction in the 
pipe, at the same mass flow rate_ For the 31.8 mm orifice the back- 
ground noise levels were always at least 15 dB below the equivalent 
modal spectra measured with the restriction in place. The comparative 

background noise levels were even lower for the smaller diameter restric- 
tions. 


* 


See Fig. 


A3-15. 
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For the 50.8 mm orifice, the background noise levels were very 
close to the levels measured with the restriction in place, for all 
but the two highest flowrate cases, ■ 0.187 and 0.225 . For the 
“ 0.187 case, the background levels were approximately 5 dB below 
the levels measured with the restriction in place, la the highest 
flowrate case, ■ 0.225—, the comparative background noise levels 
should be somewhat lower. However, the 50.8 mm orifice data should be 
viewed -with some skepticism, especially as to the exact magnitude of 
the noise levels generated by the orifice. 

3.8 Plpewall Excitation by Acoustic Duct Modes 

Modal pressure measurements taken 2.2 meters downstream of the 
restriction in an early phase of the research showed unexpected dips 
in the higher-mode spectra. An example of this behavior is shown in 
Fig. 20. The (1,0) mode spectra has a pronounced -dip at approximately 
2500 Hz, and the (2,0) mode- has a similar dip at approximately 5000 Hz. 
The other modes are unaffected at the frequencies of the dips. VJhen the 
measurement location was moved much closer to the restriction (0.7 
meters downstream), the dips disappeared. 

Many possible explanations for these dips were considered to be 
theoretically feasible. However, our conclusions on this matter are 
based on experiments using simple modifications to the apparatus, (i) 

To see if the dips were related to the particular, restriction.,, several 
different restrictions were tested, (ii) The outlet plenum and associ- 
ated downstream pipe were removed, to check if the dips were related to 
physical characteristics of the plenum, (iii) The distance between the 
restriction and the outlet plenum was substantially shortened to check 
finite length tube impedance effects, (iv) The pipe support spacing 
and locations, as well as total pipe length, were changed to see if the 
dips were related to overall vibrational characteristics of the rig. In 
all of these tests there was no substantial change in the frequency or 
magnitude of the dips. Thus, it was concluded that the dips were related 
to an interaction of the acoustic waves with the plpewall itself, rather 
than to the effect of a particular feature of the rig. 
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downstream of the orifice in the new configuration, as opposed to 2.2 
meters downstream for the spectra in Fig. 20. The spectra taken at the 
new location are shown in Fig. 22. It can be seen that the dip in the 

(1.0) mode is very similar to that in Fig. 20. while the dip in the 

(2.0) mode has been substantially reduced. This result indicates 
that the-mechanism that produced the dip at 2500 Hz is somewhat differ- 
ent from the one that produced the dip at 5000 Hz. Further research 
would be necessary to develop a complete explanation of this behavior. 

but this mode selective absorption is believed to-be a result of pipe 
wall modal vibration. 

It Is-clear from the above discussion that to adequately predict 
the noise field outside a pipe, research on the modal transmission 
Characteristics of pipes Is necessary. The Importance of the higher 
modes should not be underestimated. Results presented by Kuhn (1974) 
Indicate that the (1,0) mode can transmit a significant amount of 
aound through the pipe wall, even below Its cutoff frequency. Because 
of greater pipe wall flexibility to higher modes, noise transmitted by 
higher modes may be of major Importance, even when the plane wave 
((0,0) mode) pressure Is the dominant component Inside the pipe. 


a.fcc t of the Outlet Plenum on Acc.rtc w..,„ 

As discussed In the Introductory section of this chapter, one of 
the design objectives of the experimental apparatus was to eliminate t 
influence of hydrodynamic pressure fluctuations on the acoustic measur 
ments. This, was accomplished by allowing the acoustic waves to prop- 
agate through the outlet plenum Into the no-flow rone behind the plenui 
However, acoustic measurements In the downstream no-£low rone must be 
corrected (or any attenuation caused by the outlet plenum section. 
Roberts and Johnston (1974) used a correction factor of 1-2 dB to 
compensate for outlet plenum attenuation. 

In an early phase of the present research. It was found that the 
hydrodynamic pressure f luct.-atlons were small compared to the acoustic 
pressure fluctuations In the regx upstream of the outlet plenum, tor 
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smsll (dZH) • This r6su!L^ sllowed-s dliT6ctt cotnp&rlson of 
modal pressure spectral measuxements-ahead-of and behind, the outlet 
plenum.. A set of spectra measured in the flow zone upstream of the out- 
let plenum, is shown in Fig. 23a. The pressure spectra in the no-flow 
zone for the same experimental-conditions .are shown in.Fig^ 23b. Com- 
parision of the spectra shows an approximately constant 2-3 dB-attenua- 
tion of the (0,0) mode across the outlet plenum, for frequencies 
below 4400 Hz. The higher modes were much more. strongly attenuated. 

The. (1,0) mode. shows a typical reduction of approximately 7 dB, A nd 

the (2.,0) mode shows a typical reduction of approximately 12 dB. The 

(.3,0)_mode was not even distinguishable from the (1,0) mode in. the 
no-flow zone spectra, compared to a rise of approximately 9 dB over the 
(1,0) mode in the flow zone upstream of the outlet plenum. The atten- 
uation of the. higher-mode resonance peaks was more than 15 dB. . Thus the 
outlet plenum had- a strong effect on the acoustic waves, especially the 
higher modes, and measurements, in the downstream no— flow zone are not 
very representative of the noise field generated, by flow through the 
restriction (except possibly for the (0,0) mode, if an appropriate 
correction factor is. used). 

The attenuation produced by the outlet plenum is caused either by 
absorption of the acoustic waves or by reflection of. the waves- back up- 
stream. The higher mode spectra taken upstream of the outlet plenum 
(Fig. 23a) have small, regularly spaced fluctuations of_J.-2 dB^ These 
samll fluctuations are characteristic of standing waves or strong 
reflections, in Which the i:eflected wave either reinforces or partially 

cancels the downstream propagating wave at the measurement location.- 

The- spectra — taken downstreanuof the outlet plenum-for the same flow, 
conditions (Fig. 23b) do- not exhibit such strong standing. wave behavior, 
indicating that the outlet plenum section-causes stronger, reflections of 
the higher modes than-the anechoic termination. 

There are two main changes in acoustic properties caused by the 
outlet plenum. One of these is the change in the wall impedance due to 
the porous element, and the other is the deceleration of the mean flow. 
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A rig, modif icatiott, which might significantly decrease the reflections 
caused by the outlet R.lenum, would be to mount the anechoic termination 
cone so that it extended inta the plenum in the .same region as the 
porous pipe section. This modification is illustrated in Fig. 2A. As 
well as possibly reducing, reflections caused by the change in wall 
impedance, the change in cross-sectional area would decrease the rapid 
deceleration. due to the flow exiting through the porous^^lement. In 
this modification, it might also prove convenient to mount a fifth 
microphone in the cone tip,_for use with an extension- - of ...the mode 
separation techniques. 

3.-10~ >Summary 

Downstream modal pressure spectra have been measured for-the case 
of noise generated by air flow through a number of different coaxial re- 
strictions in a long, straight, 97 mm diameter pipe. The restrictions.-. 
tested were A.S.M.E. flow-metering orifices .with- diameters of 12.7, 

19.-0, 31.8, and 50.8 mm, and three nozzles (3.18 mm diameter and two 
16.2 mm diameter nozzles with respective throat length-to-diameter 
ratios of 1 and 8) . The Mach numbers of the flow through the restric- 
tions ranged from 0.15 to slightly supercritical flow. 

The- modal pressure spectra were measured in the 200-6000 Hz fre- 
quency range. The (0,0), (1^), (2,.0), (0,l),f — ^nd (!1*0) modes are 
propagating modes in this frequency range. 

The shape of the modal pressure spectra was found to be determined 
chiefly by the frequency ratio,, * U^D/a^d . y is the non- 

dimensional frequency governing acoustic mode propagation inside the 
pipe, and St is the nondimens ional frequency governing the jet noise 
spectrum shape. At low values of the measured frequency range is 

in the upper end of the jet noise spectrum, and the spectra fall off 
rapidly with Increasing frequency. At higher f^ the measured fre- 
quency range contains the broad peak of the Jet noise spectrum, and the 
spectra are basically flat in the range 200-0000 llz. 
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The relative ampl-iCude of the (0,0) mode and the higher modes, 
at frequencies above the higher mode cutoff frequency,, depends .strongly 
on the frequency ratio. For low f^ the (1,0) , (2,0) and (3,0) 
modes dominate the spectru*. above their cutoff frequenciea. At high 

values of f^ all modes -have approximately equal amplitudes. This 
behavior can be understood-hy tiealizing that_at low f^ the naise at 
frequencies where, the higher modes pjcopagate is- generated, in the initial 
region of the. jet. near the nozzle exit. Large-scale- structures which 
exhibit, circumferential coherence are found in this region... Higher mode 
dominance indicates that the higher_order_circumferential structures 
("fluting”) are more important than the zero-order symmetrical struc- 
tures in the initial region of the jet. At higher values of f the 

r 

noise in -this same frequency band is generated much farther downstream 
in the jet. In this downstream, region the large-scale structures have 
lost much of their circumferential coherence, and thus the higher modes 
do not dominate the noise spectrum. 

All of the higher modes rise to a sharp peak at their cutoff fre- 
quencies, where the mode is at a resonance condition. However, with 
the exception of the 3.18 mm nozzle case, the amplitude of the (0,1) 
mode dies oif rapidly at frequencies above its-cutoff frequency ,_whllt. 
the amplitudes of the (1,0), (2,0), and (3,0) modes do not exhibit 
this behavior. For the 3.18 mm nozzle, the amplitude of the (0,1) 
mode did not die off rapidly at frequencies above Its cutoff frequency. 
This-can be explained by the fact that, for this restriction, the noise 

source region spans only a very small portion of the duct cross-sectional 
area* 

Modal acoustic power spectra-were calculated using. the measured 
pressure spectra and integrated over the frequency range 200-6000 Hz. 

The overall efficiencies were plotted vs. the indicated Mach number of 
the jet that Issues from the orifice or nozzle. In general, the effi- 
ciencies were of the same order of magnitude as those for free jets. 

The values of the efficiencies for the 16.2 mm nozzles and the 
19.0 mm orifice agreed very closely. The nozzle size was chosen to 
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match- the vena contracta of the 19.0 mm orifice. Thus, this result 
indicates that the-exact shape of the restriction is not very important 
in determining the sound power produced*-^ 

The ratio of- the restriction diameter to pipe diameter, (d/D.) , 
had a considerable-effect on the efficiency results. In general, the- 
value-of the efficiency increased as (d/D) increased, for constant 
. The efficiencies for the 12.2_and 19.0 mm .orifices varied approxi- 
mately as . The data- for the 31.8 mm orifice extended to. lower 

values of and had a_slightly lower slope than that of the smaller 

orifices. The data for the 3,18 mm noasle also had a slightly lower 
slope than that-for the 12.7 and 19.0 mm-orif ices . It was found that 
when the efficiency was divided by the area ratio^ (d/D)^’ , the data 
for the 12.7 and 19.0 mm orifices collapsed on a single curve.- The 
31.8 mm orifice data, when, n was divided by (d/D)^ , fell slightly 

below the correlated data for the smaller orifices. This result is 

thought to be due to the increased effect of the confining pipe wall in 
determining the fluid dynamic noise generation characteristics of the 
jet, for larger (d/D) . The data for the 3.18 mm nozzle, when divided 
by the area ratio, also fell somewhat below the correlated data for the 
small orifices. This may have been due to a failing of the area scaling 
law for small (d/D) , or simply to the fact that only a limited fre- 
quency range, 200-6000 Hz, was measured-. However, considering the 
simplicity of the scaling law, the success of this correlation over- a 
large range of (d/D) values is quite striking. 

Hydrodynamic pressure fluctuations due to the turbulent pipe flow 
were-measured and found to be unlmportant-compared to the acoustic 
pressure levels downstream of the restriction, for values of- 
(d/D) ^ 1/3 . For the 50.8 nun orifice, the hydrodynamic pressure fluc- 
tuations were most important at low flowrates, but affected only the 
(0,0) mode. The rig background noise was much higher than the level 
of the hydrodynamic pressure fluctuations, and became significant for 
large (d/D) . 
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Chapter 4 


ACOUSTIC ENERGY PROPAGATION IN A CIRCULAR DUCT 
CONTAINING AN AXISYMMETRIC, SUBSONIC MEAN FLOW 


4.1 Previous Work. 

The developpaent of concepts of_and. expressions for. acoustic energy 
propagation inside ducts have in. general followed J*e development of 
similar- expressions for acoustic propagation in_an unbounded medium. 

The classical expressions for the acoustic energy flux and .acoustic 
ener&y density in the case of an initially uniform and motionless 

medium are 


J 

s 


p'v* 


(4-la) 


and 



ipv'2 
2 o 


(4-lb) 


respectively.- -In Eqns. (4-1), p' is. the perturbation pressure, v’ 
is the perturbation velocity, is the density of the undisturbed 

medium, and a^ is the adiabatic speed of sound in the medium. The 
instantaneous- quantities and satisfy the special form of the 

thermodynamic energy equation, _ 


^^s — 

+ div 

dt 8 


0 


(4-lc) 


when heat conduction and viscosity effects are ignored. Eqh. (4-lc)^ 
is satisfied up to second order in the perturbation quantities (p’,v‘) 
and can be derived by a straightforward manipulation of the second- 
order acoustic equations (the derivation is a special case of the more 
general analysis given in Section 4.2). 
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The quantities in Eqa^ (4-lc) have easily recogniatable physical 

si^gnificances * The acoustic energy flux, » is the flow work term. 

The acoustic energy density, ^ , consists of two^parts. In essence, 

s 

the first part is the elastic energy of the acouatic wave, and-^the 
second part is the kinetic energy of the acoustic^ wave# The— acousiic 
energy flux given by £qn# (4-la) is directly applicable to acoustic 
propagation, inside ducts and has found widespread use for cases with 
no mean flow. Eqn. (4-lc) contains no source terms ancL-thus time- 
averaging the eqiiat ion- gives div < > = 0, which is a very useful 

property#- For example, the total acoustic energy radiated from a- 
duct end (i.e., the acoustic. energy crossing surface in Fig# 25) 

can be determined by measuring the acoustic energy which crosses 

surface inside the duct# This considerably simplifies the 

measurement# 

An acoustic energy equation for the case- of a uniformly moving 
medium can be derived using the same approach as used for the case of 
a medium with no mean flow. The energy equation is the same as Eqn# 
(4-lc) , except that jJ is modified to include the convection-of the 
acoustic energy density by the mean flow; i#e#, 


. P V. + p'v' 
s ’so 


(A-2) 


This result is also a special case of the analysis in Section 4,2. 
Because of the sitnple physical interpretation of Ecjn, (4-~2) • this 
energy flux will be called the physical energy flux (denoted by Jg ) *- 
Thus, for the case of a uniform mean flow the acoustic energy equation 
still contains no -source terns. An analysis very similar to this, but 
restricted to acoustic propagation inside of constant area ducts,, has 
been presented by Eversman (1971) . 

One of the first important steps in analyzing acoustic propaga- 
tion in a nonuniformly moving medium was made by Blockhintsev (1946). 
He considered the case of high frequency waves where the acoustic wave 
length is short compared to the length over which substantial changes 


in the meaa flow-occur» i.e., the geometric acoustics linitt* The 
analysis of .Blockhintsev is basically a perturbatioruexE^nsion in terms 
of a wavelength-parameter-where only the lowest-order terms are 
retained. In this limit the acoustic waves appear locaUy as plane 
waves that propagate along acoustic, rays.- The geometry of the acoustic 
rays. is given by the solution_of the eikonal equation, and the varia- 
tion of amplitude along the ray is given by an equation which 
Blockhintsev calls "^the law of xonservation of the average energy in. 
geometrical acoustics." This equation has the form of .an energy equa- 
tion, and the energy .density and energy flux agree with Eqns. (A-1) for 
the case of no mean flow. However, the energy density and energy flux 
defined by Blockhintsev do not reduce^ in. the limit of a uniform mean 
flow, to those quantities derived from the thermodynamic energy equatioa, 
5 and . This leads to the conclusion that the "energy flux 
defined by^Blockhintsev is not the physical energy flux, but rather a 
particular flux that is conserved in the geometric acoustics limit. 

This last point has been amplified by Btetherton and Garrett (1969) , 
and by Hayes (1968). Bretherton and Garrett, utilizing a-Lagrangian 
description of the fluid motion and Hamilton’s principle (following the 
approach of Whitham (1965)), showed that a quantity they called "wave 
action density" is conserved in the geometric acouatics limit, whereas 
wave energy is not. Bretherton and Ganrett define wave action density 
as E = C /w' . where is the acoustic energy density (Eqn. (4-lb)) 

and. w' is the intrinsic frequency of. the wave, i.e.., the frequency as 
measured, by an observer moving iiith the mean flow. This quantity 
satisfies a conservation equation, i.e.. 


1^ + div(CE) - 0 . (^"3) 

3 1 

In Eqn. (4-3) C - a^n + . where n is a unit vector in the direc- 

tion of the acou8tic°velocity 7’ . Multiplication of the wave action 
density by the circular frequency, w (a constant), leaves Eqn. (4-3) 
unchanged. Blockhintsev' s result is obtained simply by setting 

E ■ wC /w' in Eqn. (4-3). 
s 
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Hayes (1968) derived this result In an entirely different manner. 
He showed -that for— Isentroplc acoustic fluctuations In a nonunlformly 
moving medium, the perturJ^atlon equations can be manipulated to yield 

3 ^ 2 

+ dlv. ^ “ (r-1) r dlv V . 

P a 

o 

(A-4) 

r “ l/a Opa/3p) > evaluated at the mean flow. conditions. This equa- 
s 

tlon, which Is only stated In final form by Hayes, .was derived Indepen- 
dently during the course_of the present investigation. It was later 

found that Hayea had presented this result-in his 1968 paper. Hqn. 

2 

(4-4) is accurate to 0(e), and contains only the first-order 
perturbation quantities. The left-hand side-of Eqn. (4-4) Is identical 
to the result derived previously for a uniformly moving >:iedium 
(Eqns. (4-2) and (4- lb)). However, for a nonunlformly moving medium, 
the right-hand side is no longer equal to zero. The terms on the 
right-hand side of Eqn. (4-4) are normally referred to as source terms, 
although this separation into right-hand and left-hand sldcs-ls some- 
what arbitrary. Due to the physical interpretation of the terms on the 
left-hand side, as discussed earlier, and the fact that the right-hand- 
side cannot be expressed as a- simple divergence term, this view seems 
appropriate. For the-cases of zeta mean flow and uniform mean flow, 
the source terms in Eqa (4-4.) are zero-and the resulting equation- 
agrees with Eqns. (4-1) and (4-2). 

Hayes evaluates Eqn. (4-4) in the geometric acoustics limit. He 
then adds an expression to each side of Eqn. (4-4) in order to cancel 
the source terms. The resulting. equation can then be written in-the 
form of Eqn. (4-3), which is the result obtained by Blockhintsev and 
by Bretherton and Garrett. Various other investigators (Guiraud, 1964; 
Cantrell and Hart, 1964; Ryshov and Schefter, 1962; and Morfrey, 1971a) 
have also obtained results similar to those discussed above. However, 
these analyses will not be discussed in detail here. A convenient form 
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oL the Bleckhinteev type energy Uux 1. glyen By Cantrell and Hart 
(1964) as 




2 

-£^ — V + ^ (V • V.' ) V 
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O o 


>’v* + P (v^»v’) + 


(4-5) 


tor 


Equation- (4-5-) will Be used In the remainder of this ohaptet whM 
dlacuaslng-Sloekhlntsev type energy fluxes, and is denoted hy 
clarity. 

A- number- of investigators, hane applied the Blookhlntse. type 
energy analysis to acoustic propagation inside of ducts with flow. 

Horfey (1971b) considered the case of a uniform axial flow in a con- 
stant area duct. Candel (1975) considered propagation 1ft acoustic ducts 
of slowly varying cross section. In his analysis, the meanJlow was 
assumed to be uniform, at each axial station. In-principle. the 
Blockhlntsev type energy flux can be applied inside a duct when the 
mean flow is sheared, at. least in the high frequency limit. -The 
validity of this approach for hard-walled cylindrical ducts is examined 

later in this chapter. 

Mohring (1971) has developed acoustic energy quantities for the 
case of a parallel sheared mean flow in a constant area duct. Be used 
a-conservation equation derived from Seliger.and Bhithma's (1968-) orm 
of Hamilton's principle. There is no restriction to high frequencies 
or- low values of mean shear. The energy flux derived by Mohring is a 
conserved quantity for all conditions and reduces to the Blockhlntsev 
energy flux tor high frequencies end low values of the mean shear. 

TO summarize, there have been basically two approaches toUowed-in 
defining acoustic energy quantities. The first approach uses 
thermodynamic energy equation and equations of motion to derive an 
acouetlc energy equation. The acoustic energy density and acoust c 
energy flux defined by this approach are appealing, because of t e 
direct physical Interpretation of the expressions. However, the 
acoustic energy equation developed from the thermodynamic energy 
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•quatlon contains- sourc. teems in_the general case of a nonuniformly 

moving madlua^nd thus the time-averaged energ y flnv la not diver- 
gence free. 

In the second appreach, expressions which- fulfill a conservation 

equation, i.e., an energy equation without source-terms, are sought. 
Normally such an equation-applies only ta certain classes of pcflblemse 
For. example, the Blockhintsev-flux is -a conserved quantity only in the 
geometric acaustics limit, and Mohring's -result applies only to ducts- 
with a parallel shear flow. Although the flux defined by such an equa- 
tion is .a conserved quantity, this flux is not always the thermodynamic 
energy flow associated with the.acoustic perturbation. This distinc- 
tion should be kept in mind-when considering acoustic energy flux 
expressions developed from a conservation equation approach. 

The research presented io-this chapter examines two aspects of 
acoustic energy flow in- ducts containing a mean flow with axisymmetric 
nonuniformity. The first of these concerns the applicability of 
energy flux expressions based on the thermodynamic energy equation 
(Eversman, 1971; Ryshov and Shelter, 1962; and Guiraud, 1964) to the 
case of a parallel sheared mean flow in a duct. This energy flux 
(Eqn. (4-2)) has been thought to be applicable only to cases with very 
low mean shear, because it does not reduce to Blockhintsev’s energy 
flux in the geometric acoustics limit. However, in this chapter It is 
shown that the energy flux given, by Eqn. (4-2), with minor. modifica- 
tions, is indeed a valid-.formulation for acoustic propagation, in a 

circular, constant-area duct containing_an axisymmetric sheared mean 

flew. 

A-second aspect of the energy flux inside ducts which was examined 
in the present investigation concerns the agreement between the flux 
term derived by Mohring and that derived fer the geometric acoustics 
limit, Eqn. (4-5). The Blockhintsev type flux is conserved in the 
geometric acoustics limlf, but for lower frequencies or high mean shear 
the Blockhintsev energy equation (4-3) would contain source tenns and 
thus this flux would not be conserved. It would be useful to have a 
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quantitative understanding of the conditions under which this flux ia 
conserved. Since the Mohring_flux is conserved under all conditions, 
and agrees with the Blockhintsev flux in the geometric, acoustics limit, 
a direcr comparison of_these flux terms for specific cases will . 
indicate the importance of the source term in the Blockhintsev energy 

equation. 

The coBperteon of the Mohring end Blockhlnteev energy llnx terms 
will else serve s second purpose. The usefulnees of the Mohring 
scoustlc .energy flux Is someuhet limited In thet the flux is not defined 
except,, tor the cese of a constant area duct containing a parallel 
sheared mean flow. Thus, although Mohrlng’s energy flux, is a conserved 
cuantlty in the duct, it Is not clear how to relate this conserved 
quantity to the acoustic energy that propagatee,out the duct Inlet or 
outlet Into the surrounding region. .Since the Blockhintsev flux la 
defined outside as weU as Inside the duct, e comparison of the two 
energy flux quantities serves to relate..t he Ji Q h£ t ng flux to a flux 
quantity defined outside the duct. 


4.2 Derivation of the Physic al Energy Equation 

in this section an acoustic energy equation (d-4) is derived from 
the-thermodynamlc energy equation. Viscous and heat conduction effects 
are ignored In the analysis. A nonunlfotm and. In general, rotatlona 
mean flow Is considered, hut the entropy of the mean flow Is assumed 
to be constant. There Is some question ee to what ext«,t the assump- 
tions of constant entropy and rotational flow apply together, since 
vortlclty Is normally generated as a result of viscous effects,, whl 
increase the entropy locally*. However, this has been the approach 


*T , inno Hurt Where the pressure is constant across the duct at 

ibfira:ro:ra re-thrmirre^ ' 

constant entropy may be a reasonable approx . approximation 

adiabatic walls and high subsonic mean velocities, th PP 

may be unrealistic. 
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generally followed in analyzing acoustic propagation in a duct- 
containing a nonuniform mean flow (Pridmore-Brown> J.858; Mungur and 
Plumblee, 1969t Savkar, 1971; Shankar, 1972) and, with this in mind, 
will be used here. The mean flow is assumed to be steady, although 
the analysis could be_extended to Include the effects of a slow varia- 
tion in the mean flow. A complete development of the following analysis 
is given in Ap pendix A8. For b revity, only the essential steps are 
outlined below. 

The variables, are first sepiLi^a^ted into mean and perturbation 

quantities, i.e., p = + p' , etc. The perturbation is considered -to 

be of order e and for the present, may be assumed to include all 

2 

higher-order terms, i.e., p’ « ePj^ + e P2 + .. . . The continuity equa- 
tion can be written as 

+ div(p’V + p V* + p*v*) “ 0 (4-6) 

ot 00 

after noting that div(p V ) » 0 • 

o o 

Similarly, the momentum equation can be written as (neglecting 
O(e^) terms) 


(P +P’) (V„«7v’ + v’«7V ) + 
o Ot O O O 

p v'»Vv' ■¥ p‘V ‘W + Vp' « 0 (4-7) 

o u o 

after noting that p^V^ • + VP^ - 0 . Multiplying Eqn. (4-6) by 

v' and adding to Eqn. (4-7), we obtain 


Po 


9v* . 3(p*v*) 
3t 3t 


+ v* 


div(p*V^+p^v') + 


(Pg+p') (V^»Vv' + v'»W^) + p^v'»7v’ + P'Vp’^o + Vp' - 0 

(4-8) 
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The thermodynamic energy 


equation can be written as 


vlscou.. heat "" and notln* that 


(4-9) 


ignored • 


Substituting in the . ^ 

pa - P„a, ^ h^P- * P- '■> 




37’ . 3l£!lll + 7' div(p‘V +P qV’) + • 

poir:^ 3t ° ° 


(p^+p') V(V^-v’) + Vp’^+ v’l^f 


v’-l PoV(V^- 7 ’) + (Po+P 


p* div V 


’) v^VTjJ "■ 


( 4 - 10 ) 


— P a v„ Trnna (4-lb) and (4-2) , 

«/ 2a c and / given by Eqns. i 

accurate to 0 (e ) . «ig ® a- Ean ( 4 - 10 ) is simplified by use 

respectively. When the third team in Eqn. (4 

of Eqn. (4-8) , one obtains 


S + dlv 1" + f + P’ ''o Po'''-<''”'"o' 

3t a 


(4-11) 


0(E^'i a and thus p 

This equation is accurate 


* and p* are 

This equation is accureu. .a. 

„eaded to setond-otdet accuracy. Heaver, not. that 
continuity equation can be expreaaed as 


P Hiv7 -^0 ■ ° 


( 4 - 12 ) 


n* » f(p^) accurats to 

using Eqn. (A-U) and the equation o state P 
second order, the terns involving p' and P 
ing in 
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-gr^ + div J 3 ■ ” PqV* • (W^) • V* - p'^ dlv (4-A) 

P a 
0 0 

2 

accurate to 0(e ). The equation Is Instantaneously satisfied by the 
first-order perturbation quantities. Eqn. (4-4) is the equation presen- 
ted- by Hayes (1968)> as discussed in Section 4.1. When this eqtiatlon is 
specialized to the case of a uniform mean flow, the source terms (the 
right-hand side) become zero. For the case of no mean velocity, Eqns. 
(4-1) are recovered. 

Time-averaging Eqn. (4-4) gives 

div < Jg > = < - p^v' • (VV^) • v’ - p'^ div > (4-13) 

P ^ 
o o 

This result will be applied to the case of acoustic propagation Inside a 
duct containing a nonuniform mean flow in the following section. 


4 . 3 Application of the Physical Energy Equation to Acoustic Propagation 
Inside Ducts 


The time-averaged physical energy equation derived in the previous 
section will be applied tc acoustic propagation inside a hard-walled cir- 
cular duct. The geometry being considered is shown in Fig. 3. The mean 
flow is assumed to be an axisymmetric parallel shear flow, i.e., = 

As a result, the source term in Eqn. (4-13) simplifies to 

Integrating Eqn. (4-13) over the duct volume be- 


U„(r)e^ 

< - n^u;u;(dU^/dr> > . 
tween two different axial sections z. and z. 


L 


< J > ds 


n 


we obtain 
dU 

< - p u'u' -r~ > dsdz 
■^o r z dr 


(4-14) 


p 

where Jg^ is the component of the physical energy flux vector in the 
axial direction and ds denotes the differential elcmen't of duct cross- 
sectional area. 

The integrals on the right-hand anc left-hand sides of Eqn. (4-14) 
will be evaluated separately. 
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ds 


4.3.1 Evaluation, of / s ^ 

^ Js z 

The left-hand side of Eqn. (4.-14) will now be evaluated. The de- 
tails of this calculation are given in Appendix A8. We have . 


< / > . c--E^ + (u;2 + u'2 + p-u', 


2p a' 
o 


C4-i: 


The solution forms for p’ , u^, etc., were given in Chapter 2 as 

i(wt-kz_a)‘ 


m,n 


P (r,6) e 
cm 


*cm 


u' . E 


Re 


m,n 


(r,0) e 
cm 


i(wt-k^^z 


’]• 


etc. 


Substituting these expressions in Eqn. (4-15) and time-averaging, we ob 
tain 


> 

z 


|Ke E 


E 

m,n b,c 


P _P. 


mn be 


+ V_ V, 


i_ 2p a^ 

•— "^o o 


2 • 2 'r _x • 2 


mn be 


''mn "be 


-2.V V*^U+PV 
2 z z. ) o mn z. 
mn be' bc_ 


^^^*bc“^zinn^l 


(4-] 


We also have 


9E 


mn 


3r 


mn 


"o> 

mn 


(4-; 


3P 


mn 


r30 


mn 


aiid 


k P 
z mn 
mn 


: "o> 

mn — 


3P 

mn 


3r 

dr 


(4- 


mn 




(4- 


where P „ is given by 
tnn 


p ■ c „ COS(ra0+(J) ) P n(^) 
mn mn ^mn mn 


( 4 - 



Substituting Em- 1”W *<!"=• “^"8 thes. nxprusslons 

in Eqn. (4-16), the following result- is obtelned, when < > is inte- 

grated across the duct cross sectioiu- 

2 


/ 


< J > ds 
s 

s z 


^ ^mn^iac ^‘^mc’*‘^inn^ 


0 a 

*^0 o m,n c 


2(14€^) 


d* „ dR . 
ton me 5 

- m R R 
dr dr , mn me 

K Y r K K 
' mn me ma me 


^mn^mc\in\ic , 

■*■ K K 

miu me 


I. 

ft 

dH» dR i AyA V 
ran rac /dM \ 

dr dr ' dr ' 


r 

J Q 


R R 
mn. me 


4 2 2 

YXe'^mn 


dR 


^mn^mn 


me ^ ^ 


dR 


mn dM 


dr dr dr dr 




k R R 
me mn me 




dR 


W dM 


K 


me 


dr d r 

2 2 
Y K 
' me 


2rdr cos(k -k ) z 
rac ran 


(4-19) 


The sumraation is assuraed to extend over all cuton modes, and the expres- 
sion has been nondimens ionalized using 


— . k 

r 


k a 
z o 
ran 


ran 


0) 


0)r 


U 

« - r 

o 


and 


K 


mn 


<l->‘n,n» 


g)z 

a 


The original summation over four indices in Eqn. (4-16) has been re- 
duced to a summation over three. indices by virtue of the orthogonality 
properties of the cosine functions. The terms multiplied by M/2 are the 
expansion of < Cg > ^o* terms in the integral arejrela- 

ted to < p'u^ > . Tne terms for which c = n are independent of z, 
while the terms for which c ^ n have a cosine dependence on z and an 
amplitude which is related to the difference in phase angle between the 
(m,n) and (ra,c) modes. 

When the integrated flux ^ substituted into Eqn. 

(4-14), the terms for which n = c will cancel out, as these terms are 
indepundent of ~z. Thus it proves convenient to break the integrated 
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acoustic euarB, flux into t»c pacts. The part for which .n - c ^1 
dasiguatad by aud that for which n i c will b. daslgnatad b, . 

We thus have 


/a 


< J > do 
s 

s Z 


r-t. 


(4-20) 


a 1 9^ and will he performed separately. 

Further manipulations, of and ^ -*«=■ v 


»P 

a 


4.3.2 Evaluation of. 

Tha part of tha intagratad acoustic auargy flux which is ludapandant 

ot tha axial coordinata. z. „iU now ba axaainad. Collacting tha tarc» 

in Eqn. 


(4-19) for which 

n ’ 

a c* we have 




/dR 


2 ( 


- 

mV 

0o°o srrf "'Jo I 

1 M 

r 

„2 , ' dr / 

mn 

R + — 
mn 2 2 

' mn 

2-2„2 

'I 

/“vf i^f 

2k 

^ ^^mn M -1 

k R^ 

\ dr 1 'dr' 

mn mn 

. mn mn 

4 4 
^ ‘^mn 


2„3 1 

y K 

' mn _ 

K 

mn 

‘^^mn dM \ 





2 2 
k R 
mn mn 


K' 


mn 


mn 


dr_dr I, 


(4-21) 


2„2 
Y K 
' mn 


where P 

mn 

the convection of 


is 8iv», by E,n. (2-8). (ha portion of J? ^ assoclatad with 


< f > by the mean flow can be simplified by an inte- 
rs 

gration by parts. We have 
2 


r'&L fd? . 

I 4 Jo -at 


dR n 

mn 


- dr 

T" 

K 

mn 


dR 


mn dM 


dr 


T 


J!l4^7d7 


K 


mn 


(4-22) 

as the contributions from the end points vanish by virtue of the bou y 
conditions on R^. first integral on tha right-hand side can ba^a- 

wrlttan by use of tha dtffarentlal aquation for R^ (Eqn. ( ) • 

this result is substituted bock into Eqn. (4-21). the following result is 

obtained. 
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i- - 


^ Im + r 2 . f-i- + 1 

p. a ^wn If. ) ^ K ^inn K 2. 

'^o o m,n J O l|_ jnn_J [_ ran 

/m)? \ 

. M V dr / \dr/ | ,-,- 


mn-aM 
dr dr 


2 2 
Y K 
ran 


4 4 
Y K 
ran 


(4-23) 


The expression is . actually the total energy flow in the direc= 

_ £ i_1. _ j M_ f_ ml . . »» *_j e T!h P . . f ^ 


t ion. of the duct axis. The-contrlbution_of 


to the total energy flow 


is cancelled by the source— term in the physical energy equation ^ as will 
be shown in Section 4.3.5. VIhen dM/dr is set to zero in Eqne. (4r*23), 

^ reduces to the tirae^averaged energy flow derived by Eversraan (1971). 
For convenience in later work, the acoustic energy flow will be expressed 


— — 2 P^ EWF^ 
pa ran ran 

o o ra,n 


(4-24a) 


where the phy.s leal energy weighting function is given by 


'ran 

dr dr 


M V dr / ' dr/ 


This expression is called an energy weighting function because it relates 
the wall acoustic pressure level to acoustic energy flow in the direction 
of the pipe axis. 

4.3.3 Evaluation of 

The part of the integrated acoustic energy flux which is a function 
of z will now be examined. Collecting the terms in Eqn. (4-19) for 
which n c and noting that the summations over n and c both have 


the same upper bound. 


can be manipulated to yield 


It 


Tir 


2^ 


-b P 3 

o m»n c<a 

dK dR 
me mn 

. dr dr 


C C cos (6 -di ) 
mn me ^mc ^mn 

2(1 + e) 

m 


cos(k -k ) z 
me — 


Y^K K 
' me mn 


m^R R 
mn me 

2-2 

Y r K K ^ 
' mn me 


k k R R 
mn me mn me , 
^ •» *» * 


K K 
mn me 


dR 


me ^ ^ 


dR 


k R 
mn mn 

2 2 
Y K K 
mn me 


mn dM 


dr d? 

2 2 
Y K K 
' me mn 


dR 


dM 


dR 


mn dM.' 


mn 

dr dr 

2 2 
Y K 
me 


dr dr 

2 2 
Y K 
mn 


2rdr 



me mn 


4 2 2 

Y K K 

' mn me 


k k “1 

me mnj 


(4-25) 


The part of the integrand^ultiplied by M can again be simplified by an 
integration by parts and utilization of the dif£erenti.al equation for the 
mode-shape functions R and. R 

* mri 1 


mn 


me 


The final result is 


P 

b 


o o m,n c^n 


C C cos (({) ~4) ) 

mn me me mn 

2(1 + e^) 
m 


eos(k -k ) z 
' me mn 



-1 R 


me 


me 


dR dR dR 

mn dM mn me I 

dr dr . dr dr Mr' 


2 2 
Y K 

mn 


k 1 1 

Y K K 
mn me 


For the case of 

Tt\ 

equal to zero 


M = const we have 


/o^ 


2rdr 


(4-26) 


R r dr ■ 0, and thus 
mn me _ p 

0 for this condition. However, for arbitrary M(r), ^ is not 
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/* o 

4.3J> — Evaluation of ""j < “ "dr" ^ - 

The integral on the right-hand side of Eqn. (4-14) will now be eval- 
uated. Again, considering only cuton- modes (for which is. real), 

we have, using Eqns. (4-17), 


<uV > - 12 ^ 

m y II b ^ c 


“o' 

mn 


be 


be o^ 

9r- dr ~ 

Po<“-\/o) 


(4-27) 


Applying Eqn. (4-18) and integrating over the duct cross section, we ob- 
tain 

_2 


£ < ’ (- Po -dr) 

. dR ' 

(k B ._aniM 

/•I) me mo dr 


M 1 __ 

® - TT H V 

*^0 0 m,n cfn 

"mn ^^mc / ^ 

Ir rfr ' dr ' 


C C cos(<|>^^ - <J>__) 
mn me me mn 

2(1 + 0 

m 


dR dR 


2rdr sin(k -k ) z 
me mn 


(4-28) 


d7 d7 _ _dF d7 Vdjj_ ( 27 d 7 sin (7 - k) I (4-28) 

Jo I ^mc^^mn Vmc ) 

Note that the terms for which n * c have disappeared in the time average 
Integrating over z and noting that the summations over n and c have 
the same upper bound, we can combine terms to obtain 


J Z.J 8 


COS (k - k )z 
me mn 


dU \ _ 

p -T-^ I ds — dz 
^o dr / w 


C C cos((l) -<|>„ 
mn me me m 

4^ ■ 2(1 +e^) 

^ * m 


p a ^ 

o m,n c<n 


( k R k R 

‘1 J %cV ^7 ^ dr dr 

’ 1 <^„-'^mc>l^^'‘mnV 


dR dR 
mn n 


/ \2 

dR 

dR / ,M \2 

/dM \ 

me 

mn 1 dM \ 

'S' 

dr 

dr 'dr' 


dr dr dr dr Mr ^ 


(4-29) 


4.3.5 Substitution Into the Ifttegtated Form of the Time-Averaged 
Physical Energy Equation 


The .expressions evaluated in. the pxevjoiis subsections wlll-now-be — 
substituted into the Inte gra ted- form of the physical energy equation 
(4-14). Noting that is independent of._ z* Eqn< (4-14) reduces to 





< u *u* > ds — dz 
r. z 0 ) 


Using Eqns* (4-26) and (4-29), we obtain 
2 


0 * 


f 


E __ C C cos((j> - (J) ) 

mn me ^mc ^mn 


TTr 

o V ^ 

p a 

o o m,n c<n 


2(1 + e) 

m 


cos(k - k ) z 
me mn 


(K +K „)^ - (k -k )^\ k 


me mn 


me mn 


K K 
me mn 


me mn 

K K 
me mn 


mn me 


dR 


me 


(l-2k M + k k M^) 
me me mn 


(k -k ) 
mn me 


2K 


mn 


me dM- 


d7 dF 

2^2 
Y K 
* me 


mn 


(k -- k ) 
me mn 


(l-2k M + k k M^) 
mn mn me ' 


2K 


me 


dR 


mn dM 


dr dr 

2 2 
Y K 
mn 


2rdr 


(4-30) 


Now, in general, the terms in Eqn. (4-30) are not linearly dependent and 

thus each term must vanish independently. Therefore, the integral in 

Eqn. (4-30) must vanish for any set of propagating modes R and R , 

^ rrot. mn me 

provided c n. Thus the source term < - ”3^ ^ cancels with the 

cross-mode flux and in so doing presents an orthogonality property 

for the eigenfunctions R^ and R^^. Although the orthogonality rela- 
tionship is by no means simple and involves the eigenvalues k^ and 

k as well as derivatives of the eigenfunctions R and R. , it 

me ® mn me 

could be of use in further developing the mathematical properties of the 
eigenvalue equation (2-3). 
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Thus the application-of the physical energy equation to the-case of 
acoustic propagation inside a circular duct has shown that.a time-averaged 
energy flux of the type presented by Eversman, Ryshov and Shefter-and by 
Guiraud, i.e.. - < p’v’ > + < Cg > V^. can be extended to the case 

of a_duct containing a sheared mean flow- — The total acoustic energy flow- 
down the duct, Jf ^ , is the sum of the integrated- flux for each 

mode considered. separately. Furthermore, the source term in the physical 
energy equation is zero when each -mode is considered separately, and^is 
only nonzero for cross-mode terms, in which case it cancela with * 

giving the physically satisfying result that the cross-mode terms do not 
enter into the energy flow expression. 


4^4. Acoustic Energy Flow Expressions Based on the C onservation Equation s 
of Blockhintsev and Mohring 

In this section acoustic energy flow expressions- based on the work of 
Blockhintsev and Mbhring will be derived for the case of an axisymmetric, 

sheared taean flow in a circular pipe. 

The Blockhintsev type energy flux is given by Eqn. (4-5). Special- 
izing this expression to the case under consideration, the axial acoustic 
energy flux can be written as 



< p'u' > (1+M ) + 
z 


m|( 


.2 < p'^ > 

p a < u > + 

O o z 


(4-31) 


Integrating this energy flux across the duct cross section in the same 

* , . 

manner as in the previous section , we obtain 

2 


/ 


.B 


< > ds 

8 

s z 


^mn^mc ^°^^*^mc *^mn^ ^ 

U 2^ 2(l + eJ ) «»n 


iTr. — ^ 

*^0^0 mtb c 


dR 


me 


dM-i 


dr dr 

“2 r~ 

Y K 
me 


(1 + 


o A > 

m2) 


dR 


mn 

mn 


mn dM ^ 

dr dr 

2 2 
Y K‘‘ 
mn 


k R 
me me 


It R .. 

me roc 

K 

me 


K 


me 


"me 

dr dr | 

y'?' / 

' me / 


+ M R R . 
mn me 


2rdr cos(k -k ) z 
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(4-32) 


Details are given in Appendix A9. 
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Again, the integrated pewer flow can -be separated into two parts, ^ 


and 


T B 
^ b ’ 

pendence on. 

2 


where JP^ is Independent of z — and has - a -c o s ine de- 


a 

The results are 
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(4-33a) 
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(4-33b) 


The equivalent energy flow expressions based on the work of MShting 
will now be derived. In his- 1971 paper, Mohring presents an acoustic 
energy flux, derived from his conservation principle, for the case of a 
two-dimensional duct containing a sheared mean flow^ 
flow can be divided into two parts. The first part, ^ ^ 
of the energy flows for each mode interacting only with itself. This 
part of the acoustic energy flow is independent of the axial coordinate, 

contains the 


The acoustic energy 
U,M 

> 


is the sum 


z. The second part of the acoustic energy flow, « » 

cross-mode terms and has a cosine dependence on z. When the results of 
Mbhring's analysis are rederived for the case of a circular duct, the 
following expressions are obtained. 
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(A-34a) 
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and 
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mn me 
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(4-34b) 


Compariag. Eqns^ (4-33a) and (4-34a) , and- C^-33b) and (4-34b) , It is 
seen that the terma_not. InvoLving derivatives of the mean flow profile ace 
the. same foe the Blockhlntsev and t^hring fluxes. Thus these expressions- 
reduce to the same limit for a uniform flow. Furthermore, the coefficient 
of the terms .linear in dM/de in the Blockhlntsev acoustic- energy flow 
is proportional to ^1 + (^uui^ * whereas the- proportionaLlty 

constant of Moheing Is simply 1/y . Thus these terms also-agree closely 
for low-speed aean flow (M « 1). For sufficiently high reduced frequency, 
Y» the terms llne£ir in dM/dr are negligible.- The Blockhlntsev energy 
flow expressions also contain a term quadratic in the derivative of the 
mean flow profile, with a coefficient proportional to Thus these 

terms are also negligible for high values of y»- and the Blockhlntsev ex- 
pressions reduce to the results of Mohrlng for sufficiently high frequency 
and low mean shear. 

The total acoustic energy flow defined by Mohring, + Jk > must 

be conserved foi^ acoustic propagation Inside a hard-walled duct. X Is 
independent of s. However^ M ^ is- a sum of terms each of which has a 
cosine dependence on 2. Thus, for the total energy flow to be constant 
at all z, we require X ■ 0. For this to be true in general, the ln-_ 


tegral ln-£qn. (4-34b) must equal zero. This is an- orthogonality condi- 


tion for the eigenfunctions R 


Although it is considerably 


simpler than the orthogonality condition derived from the physical energy 
equation, the expression still contains the eigenvalues and derivatives 
of the eigenfunctions. 

The total acoustic energy flow calculated from the Blockhlntsev flux 
expression is conserved in the geometric acoustics limit, i.e., for suf- 
ficiently high frequency and low mean shear, and agrees with the Mohring 
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energy flux in this limit. However, the extent to- which the Blockhlnti- 
sev flux. reduces to the Mohriftg flux, i.e.-,_the extent to which-the geo- 
metnic- acoustics Limit is valid, also depends- on- the behavior of the 
eigenfunctions- In order- to quantitatively assess-the conditions under 
which the BlockhintSev energy flux is a conserved quantity, the values 


of the-integrals containing 

dr" 


JL / dM\ 
Vd7/ 


must be compared. to the values of the other— integrals in the BlockhintseV 
flux. Since analytical solutions for are not_available for_general 
M(r) , this comparison must be done using .numerical techniques. 

Following the approach . used for the physical energy flux, the WBhring 
and Blockhintsev energy flow expressions can be written as 


p a mn m,n 

^o o m,n 


(4-35a) 


where the Mohring and Blockhintsev anergy weighting functions are given 
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Jo ) *^100 


^ ^mn ^ 
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In the next section, the Mohring and Blockhintsev energy weighting 
functions are nuraerically evaluated to determine the frequency and flow- 
rate range over which they give essentially the same results* This de- 
fines the validity of the geometric acoustics limit* 


4.5 Numerical Results. 


This section presents numerical results -far the energy weighting 
functions developed ia the previous sections. The objectives of the 
numerical study were (1) to gain -quantitative information on the flowrate 
and frequency range over which- the Blockhintsev. and MBhring. energy flow 
expressions give essentially the same result, and -(ii) to examine the. - 
accuracy with which the energy flow can be approximated by the use of a 
uniform mean flow (slug flow*) assumption. The calculations are_consid- 
erably simplified by this assumption, since the energy, weighting functions 
are given by analytical expressions for the slug flow case.- To-facili- 
tate comparisons, the energy weighting functions for the (0,0), (1,0), 
(2,0), and (0,1) modes were calculated for the case of a one-seventh 
power mean flo«_prof ile. (m(7) = M^^^(l-7)'/ ) . representative of tur- 
bulent pipe flow. The frequency range from mode cuton to Y = 20 and 
mean flows with centerline Mach numbers up to 0.9 were covered in the 

calculations. 


4.5.1 Numerical Technique 

In order to evaluate the energy weighting functions, the radial mode 
shape function, R^, and the axial wavenumber, must be determined 

The differential equation for the mode shape function, Eqn. (2 3), is 


_d_ 

dr 


_(1 - kM) dr J |_' 


r(l-kM)^' (1-kM) _ 


0 


with the hard-wall boundary condition dR/dr =0 at r - 1. Eqn. - (2 3) 
is an eigenvalue equation which,, for given values of Y, m and Hit), 
has solutions only for particular values of k. The eigenvalue k ap 

pears in the parameter (1-W as well as in the standard position for 

a Sturm Liouville type equation. The eigenvalues and eigenfunctions 
real for propagating modes, for the case of a hard-walled duct. 

The differential equation was solved by an iterative technique. An 
initial estimate for the eigenvalue, k^ 3 t’ substituted into the 


*The slug flow approximation is a constant Mach number " 
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(i-kk.) terms. We then have a Sturtti Liouville type system. The equation 
was f inite-differenced in 8eL£.-adjolnt form (see Dahlqulst and Bjorck, 

197A), using an evenly spaced mesh and a second-order, accurate numerical 
scheme. Normally,. 512 mesh.points were used across the duct radius 
(7- 0 to 1). The Choleski decomposition (see Hornbeck, 1975) was then 
applied to the system, resulting. in a matrix equation of the 

I) X = 0. The eigenvalue -of this system nearest to - 

then found, and the system-iterated to convergence. Normally only two 
or three iterations were necessary for a reasonably good first estimate 

of the eigenvalue. _ 

Af^.er the mode shape function and axial wave.number Snn 

determined, the energy weighting functions -derived from the physical 
energy equation (4-24b) and the Mobring and Blockhintsev energy flow ex- 
pressions (Eqns. (4-35b) and (4-35c)) were calculated. Each term in the 
energy weighting function was integrated separately, to allow a comparison 
of the relative importance of the different terms. A Romberg (see Hornbeck, 
1975) integration scheme was used for evaluation of the integrals. Details 
of the numerical analysis are given in Appendix AlO, where the computer 
program, MODE, and a sample of the output are listed. 

4.5.2 Comparison of Blockhintsev and Mohring Energy W eighting Functions 

The results of the numerical calculation showed a remarkable agree- 
ment between the values of the Blockhintsev and Mohring energy weighting 
functions. Representative values of the differences between EWF® and 
EWe“ are given in Table 1. For the (0,0) mode, the differences were 
always less than 0.03% for the full frequency and Mach number range cov- 
ered. For the higher modes, the differences between the Mohring and 
Blockhintsev energy weighting functions were greatest at values of Y 
close to cutoff. The largest differences observed in all the cases for 
which calculations were made was 5% for the (1,0) mode at Y ■ 2, 

M = 0.9, k.« - 0.096. For the same value of Y with ■ 0.5, 

this difference was reduced to 1%. The largest difference observed for 
the (2,0) mode was 3% at Y “ 3.5, - 0.9, k 2 Q - 0.155. In gen- 

eral, the (1,0) and (2,0) modes showed similar behavior for the dif- 
ferences between the values of the Blockhintsev and Mohring energy 
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For both of these modes, at values of Y greater 
veljhllns ‘ frequency, the difference «as less 

c.en twice the tern O.f* fer the M - O.f 

than 1% for the differences approached those 

case. For the highest values of Y the 

found for the (0,.0) mode. Blockhintsev and Mohring 

The differences between th - (0,1) 

energy weighting functions were muc es^ .jifference for ell the 

..de then for the other higher node. T|^e Urg 
(0 1) mode calculations was 0.7/. at Y • max- 


(0.1) node ,.f,,ff„g Suction, were also cor- 

The differences between the two energy 

respondingly smaller for larger ^^ected for the com- 

Bie higher modes displays . weighting functions. 

r.rr::- “ .i 


tne “ — ' ' • _ . Ti do not. Th® dominant 

sign across the duct Blockhintsev energy weighting 

term of the two additional terms in the 

function is the one containing 
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mn 


mn 
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a with a one-seventh power mean flow profile. At 
for the higher modes with 

values of Y cutoff. 
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2 ^\n dM 
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the contributions to 'Ws^ihteg« 
nearly cancel, giving mv. 

hintsev energy weighting functions for the (0.1) 

r..r.-... .. ■-r..r — “-.'i. 

Mohring energy weighing that both addltlohul 

khi:::v\nergy weighting function mvoive 
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_ 1 _ ^^nin ^ 
dr dr 

These terms are Insignificant for large values.of y, as expected. 
Examining these terms for lower values of y» find that as y de- 
creases, dRQQ/dr also decreases. Since mode shape changes due to mean 
shear are mainly a high frequency effect, RQQ(r.) approaches its uniform 
mean flow shape (a constant) for low values of y,. Thus these two ef- 
fects cancel, and the additional terms in the Blockhintsev energy weight- 
ing function are unimportant in the (0,0) mode case for the full range 
of parameters studied. 


with M chosen to produce the same flowrate as 
max ^ 

M^ax “ l/7th power profile case. 


4.5.3 General Characteristics of the Mohring Energy Weighting Functions 
and Comparison to Slug Flow Appro j.mations 

The calculated values of the Mohring energy weighting fvtnction, for 
the case of a 1/7 power mean flow profile, are shown in Figs_26a, b, c, 
and d. The values obtained using the slug flow approximation are also 
shown. In order to compare the effect of different profile shapes, the 
energy weighting functions were also calculated for a laminar flow profile 

that obtained for the 

Although only the Mohring energy weighting functions will be dis- 
cussed in detail in this subsection, the physical energy weigh-tlng func- 
tions display similar characteristics. The values of the Mohring and 
physical energy weighting functions are compared in Subsection 4.5.4. 
Detailed results are presented -in tabular form in Appendix All. 

Referring to Fig. 26a it is seen that, at low values of y» -the 
(0,0) mode energy weighting functions are slightly higher than those 
obtained with the slug flow approximation. This difference increases as 
mean flow Mach number increases. The values of the (0,0) mode energy 
weighting function fall off rapidly with increasing Y» due to mean flow 
refraction effects which decrease the acoustic pressure in the central 
region of the pipe. These refractive effects increase with Increase of 
frequency, for a given mean flow profile. The energy weighting functions 
fall off more rapidly, with increasing frequency, for higher mean flow 
Mach numbers. The effect of the mean shear is quite substantial. Even 
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iu the M ■ 0.1 case, the l/7th power-profile reduces the energy 
weighting function by approximately 50% at Y ■ 20. A comparison of the 
laminar flow profile results to. the L/7th power profdle, - 0.1,. 

case shows that the laminar flow profile shape produces an -even greater 
change from the uniform flow results than that produced by the l/7th 
power .prof lie . 

The Mohring energy weighting functions for the (1,0^) and (2,0) 
modes are shown, in Figs.- 23b and -c. — The behavior of the energy weighting 
functions for the (1,0) and (2,0) modes_is very similar to that for 

the (0,0) mode. The agreement with the uniform mean flow assumption is 
very good at-..values of y near cutoff, but the actual, energy .weighting 
functions fall far below the uniform flow approximations as y increases. 
Again, the laminar flow profile shows a stronger effect than the equiva- 
lent 1/7 th power profile. 

The calculated values of the Mohring energy weighting function for 
the (0,1) mode agree well with the uniform flow approximations near cut- 
off, but lie substantially above these curves for higher values of y, 
in contrast to the behavior of the other three modes. The reason for this 
is that the mode shape function attains its highest values (approxi- 

mately 2.5) in the central region of the pipe, where the mean flow Mach 
number is also the highest. The mode shape function is affected 

little by the mean shear, at high frequencies, compared to the other three 
raodes. Thus, as lu, increases, _ for frequencies higher above cutoff, the 
integral of (Rqi/ ) becomes much larger than the equivalent 
integral for the slug flow approximation. The convected energy terra, 
i.e., the integral of MRqj^/ (1 - Kq^M), also displays this same effect. 

In order to check if refractive effects eventually reduced the ex- 
tremely high values obtained for the (0,1) mode energy weighting func* 
tlons, the calculations for the M ■ 0.5 case were extended up to a 

value of y * 40 (see insets Fig* 25d)» It was found •‘hat the energy 
weighting function reached a peak at around y ■ 20, and decreased for 
higher y. For the laminar flow case, the (0,1) mode energy weighting 
function reached a maximum at approximately y ■ 15. The laminar flow 
profile in general produces stronger refractive effects than the one- 
seventh power profile. 
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4.5.4 Comparison of the Mohrlng and Physical Energy WelghClng Functions 


Representative values of the Mohrlng and physical energy weighting 
functions are compared in Table 2. In all cases shown, the Mohrlng energy 
weighting function is larger- than the physical energy weighting function- 
The differences are greater for higher Mach numbers, and for a given .Mach 
number the differences are smallest for the higher modes near cutoff. 

For the higher modes, as- y increases, the differences (on a per-cent 
basis) approach those found for the ( 0 , 0 ) mode. 

The behavior described above can be explained by noting, that the dom-^ 
inant terms in the Mohring .energy weighting, function are the same as those 
in the physical energy weighting function, but multiplied by l/(l-kM). 

The axial wavenumber, k, was positive for all cases shown in .Table 2. 

Thus the factor 1/(1 -kM) is always greater than 1, and is larger for 
higher values of the Mach number ► In the higher mode cases shewn. in 
Table 2, k is small for values of y near cutoff and increases with 
increasing y» approaching the values of k found for the ( 0 , 0 ) mode 
at high y. Thus the behavior of the factor 1/(1 -Bl) explains why, 
for the higher modes, the differences between the Mohring and physical 
energy weighting functions are small for values of y near cutoff, and 
on a per-cent basis approach those found for the ( 0 , 0 ) mode at high Y* 

The large differences between the physical and Mohring energy weight- 
ing functions raise the question of which flux expression is the approp- 
riate definition, of acoustic energy flow. The utility of a particular 
definition depends on the application in mind. For example, suppose we 
are interested_in the total acoustic energy propagating out of a duct 
inlet, as shown in Pig. 25. If the mean- velocity is negligible at dis- 
tances far from the duct inlet, the Blockhintsev flux reduces to the actual 
acoustic energy < p'v' > crossing surface S 2 . Then, at least in the 
high frequency limit, a measurement of the Mohring/ Blockhintsev energy flux 
crossing surface Inside the duct can be substituted tor the measure- 

ment at S 2 . If the physical energy flux definition were used in this 
case, the source term in the physical energy equation would have to be 
evaluated over the region which lies between and 82 , and a simple 

measurement across would not suffice to determine the acoustic energy 

crossing surface 82 * Thus the Blockhintsev approach is clearly more 
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usetul in this ca.e. H6-evar. although tha hlockhlntsav £lux Is «oro 
usaful in tha ahova axat^la. wa hallave that tha hhyaltall, 
tln,a-avaragad acouatlc anargy aroaslng autfaaa S, Is not tha Mohring/ 
Blockhlntaav flux, hut rathat the physical energy flux. If this vieu- 
polnt is accepted, the conclusion must be dravm thet acoustic energy a 
not conserved in e general nonuniformlv moving medium. Since even t e 
Blockhintsev flux is not conserved except. for the high freguancy m 
(gaomatric acoustics), this vleupolnt seems appropriate. The ana ys 
section «.h then leads to the conclusion that not only is the 
flux conserved lor acoustic propagation In a constant area duct contalnl 
a parallel sheared mean flow, but tha physical energy flux Is also con- 
served. This Is discussed In detail In Subsection 4.3.2. 

C.5.5 T„oortanca of the Terms rontalnlng dwMf in tha Mohring and 
Physical ^.n^rpy Weighting Functions 

The Mohring, Blockhintsev and physical energy weighting functions 
(Eqns. (4-35b, -35c, and -24b)) would be simplified substantially if t e 
terms Involving derivatives of the mean flow were neglected. This sec- 
tion examines the accuracy of such an assumption. 

The percentage contributions of the terms containing dM r o 
physical and Mohring energy weighting functions are shown in Table 
Por tha (0.0) mode, thasa tarms aavar contribute more than 2% to tha 
Mohring anargy weighting function and 3% to tha physical ‘ 

ing function, even for Mach numbers up to 0.9. In t 

th! Shear tarms never contributed ^ra than 1% to tha (0.0) .mode anargy 
weighting functions. Tha contributions of tha mean shear ware approxl.^ 
Tan time! as large for tha laminar flow profile case as for tha agulvalant 

flowrate l/7th power profile case. jM/ri7 

For tha higher modes, tha contributions of tha tarms involving dM dr 

were most Important near cutoff. Tha Importance of thasa tarms gradually 
dacraasad with incr.aslng fra, nancy, approaching tha percentage ava con- 
trlbutlona found for tha (0.0) mode at high fraquanalas. In all t.a 
cases for which calculations ware made, tha highest parcantaga contrlbu- 

-■ mode at Y - 2. -0.9. Tha tarms Involv- 


tions were for the (1,0) moae at i - ^ 

lag dM/dr- contributed 10* to tha Mohring anargy weighting function and 
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14% to the physical energy weighting function in this case. The contribu- 
tions to the (0,1) mode were much smaller than-to the (1,0) and (2,0) 
nwdes, which is explained by the fact the Rq^ changes sign across the 
duct radius, while and R 2 Q do not. Thus the dM/dr term cancels 

to a certain extent when the (0,J..) mode integral is evaluated. This 
does not happen for the (1,0) and (2,0) modes. 

Compared to the large effect that the introduction of mean shear has 
on the energy weighting functions, a& displayed in Fig. 26, the contribu- 
tions of the terms which contain dM/dr explicitly are relatively small. 
The addition of mean shear changes the value of the energy weighting func- 
tions principally through changes in the mode shape function. I’hxis the 
physical energy weighting function and the Mohring and Blockhintsev energy 
weighting functions can be approximated by 


EWF 


and 


EWF 


,M 

m,n 


" fo t 

WF^ - r\—^ 


- ^mn«>-l 


M) 


2rdr 

mn 


mn 

(l-k M)^_ 
mn 


(4-36a) 


R^ 2rdr 
mn 

(4-36b) 


with little error, except very near the mode cutoff frequency. 


4.5.6 Orthogonality of the Mode Shape Function 

In order to numerically check the orthogonality expressions derived 
from the physical energy equation and Mohring*s conservation equation 
(the integrals in Eqns. (4-30) and (4-35b)), these integrals were evalua- 

ff 

ted numerically for two typical cases. In addition, the Blockhintsev 
cross-mode energy weighting function (l.e., the integral in Eqn. (4-33b)) 
was also evaluated. This cross-mode energy weighting function should ap- 
proach zero in the geometric acoustics limit. 

The first case considered was that of the (0,0) and (0,1) modes, 

for a laminar flow profile with M^^^ - 0.3 and Y - 5. The calculated 

moix 

values of the Integrals in the physical energy equation and Mohring ortho- 
gonality relationships were less than 4 x )0 , which is smaller than 

the uncertainty associated with the numerical Integration. The Blockhint- 
sev cross-mode flux was only slightly larger than the integrated value of 

the Mohring orthogonality relationship. 

* 

Details are given in Appendix AlO. 
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The same functlona were also evaluated fer a one-seventh power pro- 
file with M - 0.5 and V • 5. The values of the orthogonality rela- 
tionships we“’‘agaln within the uncertainty of the numerical Integration. 

The Blockhlntsev cross-mode energy weighting functlon-wes also negligible 
in this case-. 

Thus the numerical results verified the orthogonality properties de- 
rived earlier in this chapter » and also showed that the Blockhintsev . 
cross-mode flux was approximately zero for these typical cases. 

4.6 Summary 

Two types of acoustic energy flow relationships have been examined 
for the case of acoustic propagation inside a_circular duct containing a 
sheared mean flow. The first type of acoustic energy flow expression is 
derived from the thermodynamic energy equation, while the second type is 
derived from conservation equations presented by Blockhintsev and Mbhring. 

In the case of a nonuniformly moving medium, the acoustic energy 
equation derived from the thermodynamic energy equation in general con- 
tains source terms. For this reason, applications of the acoustic energy 
flow derived from the thermodynamic energy equation to propagation inside 
ducts have been criticized as being applicable only to flows with- very 
small shear. In the present research, this type of energy flow expression 
has been found to be generally applicable to acoustic propagation inside 
a constant area duct-containing a nonuniform mean flow, with no restriction 
to the case of small shear. The source term in the acoustic energy equa- 
tion combines with the xross-mode flux term to present an orthogonality 

relationship for the radial- mode- shape functions and The 

acoustic energy flow developed from the thermodynamic energy equation is 
called the physical energy flow, because of its interpretation as the sum 
of the flow work of the acoustic wave and the acoustic energy density con- 

vected by the mean flow, i.e., < p'v* > + < 

The energy flow expressions detived from the work of Blockhintsev and 

Mbhring satisfy conservation equations, i.e., energy equations with no 
source terms, but these energy flow expressions are not necessarily the 
thermodynamic energy associated with the acoustic wave. The energy flux 
defined by Blockhintsev Is a conserved quantity only in the geometric 
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acoustics limit, where the wavelength is short compared to the distance 
over which substantial changes in the mean. flow-oc cur. Mohrlng's energy 
flow Is a conserved qj^antity for the case of a constant area duct contain- 
ing a parallel shear flow, and reduces to the Blockhintsev result. for 
sufficiently high frequency. Since the Mohring energy flux is not defined 
in general outside of the duct, the usefulness of his resnlt is somewhat 
limited. However, a comparison of the Hohring and Blockhintsev. energy 
flow expressions- Inside the duct not only allows one to assess the validity 
of the geometric acoustics limit in this particular case, but also relates 
the Mohring flux to an acoustic energy flux defined outside the duct. 

The Mohring and Blockhintsev acoustic energy flow expressions were 
compared for the case of a circular duct containing a one-seventh power 
mean flow profile, with Mach numbers up to 0.9. The agreement between 
the two acoustic energy flov»s for the (0,0) mode was extremely good uxver 
the whole frequency and flowrate range, although the Blockhintsev analysis, 
is essentially a high frequency limit. The surprisingly good agreement at 
low frequencies is due to the fact that the (0,0) mode shape function 
is affected very little by mean shear at low frequencies. 

The agreement bweteen the l^hring and Blockhintsev energy flows for 
the higher modes was poorest at frequencies very close to cutoff. However, 
the largest difference observed between the Mohring and Blockhintsev— 
energy flows was only~5%, for the (1,0) mode at y equal to 2, with a 
centerline Mach number of 0.9. . At higher frequencies— the differences be- 
tween the Blockhintsev aid Mohring energy flows approached those found 
for the (0,0) mode. Thus, for energy flow calculations, the geometric 
acoustics- limit appears to be valid for duct propagation over a very wide 
range of Frequencies, even for cases with very highly sheared mean flow. 

The energy weighting functions for the one-seventh power mean flow 
profile were compared to approximate values obtained assuming a uniform 
flow profile with the same overall flowrate. The agreement was very good 
for the (0,0) mode at low frequencies and for the higher modes very 
close to cutoff. However, for higher frequencies the agreement was much 
worse. The (0,0), (1,0) and (2,0) mode acoustic energy flows (normal- 

ized by the wall acoustic pressure) were much lower than the uniform flow 
approximations, due to mean flow refractive effects, which increased with 
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tve^utncy. for the (0.1) trade, the ectoel ecouetlc energy 

flow becetra much lerger then the uniform flow eggroxlmetlon. e. the fre- 
quency tncreeeed beyond cutoff. At. very high frequenclee, refrectlve 
effects began to dominate, lowering the normeUred acoustic energy, flow. 

Ihe exact acouatlc energy flow expressions are -fairly complfcated 
for the case of acouatlc propagation Inside a pipe containing a sheared 
mean flow. However. It was found that under a wide range of conditions 

these expressions can be simplified considerably, with the approximation 
causing little loss in accuracy. 


Chapter 5 

CONCLUSIONS AND RECOMMENDATIONS 


5, 1 Conclusions 

•• Two new experimental techniques have been developed fot-separatlng 
acoustic waves propagating inside circular ducts into the acoustic duct 
modes. The instantaneous technique -uses four wall-mounted microphones 
to separate the first three-acoustic duct modes,, the (0,0) , (1,0) , 
and (2,0) modes, below the frequency at. which the fourth mode starts 
propagating. The time averaged technique uses only three microphones 
to separate the first three acoustic duct modes, but requites- the 
additional assumption that the modes be uncorrelated. Comparison of 
the results of the two techniques shows that this is in fact the ease^ 
for the type of noise source examined in this study. Both techniques 
can in principle be extended to measure a greater number of modes. 

.. Downstream modal pressure spectra (200-6000 Ha frequency range) 
were measured for noise generated .by flow through coaxial restrictions 
in a 97 mm pipe. Four orifices (12.7, 19.0, 31.8, and 50.8 mm 
diameters) and three nozzles (a 3.18 mm diameter nozzle and 16.2 mm 
diameter nozzles with throat length-to-diameter ratios of 1 and. 8) were 
tested, at exit jet Mach numbers ranging from 0.15 to slightly super- 
critical flow. 

The shape of the frequency spectrum was found to be scaled by the 
£re,u.noy ratio, £, ■ ‘ ^ • £, 1 = ratio of t»o non- 

dimensional frequencies: (i) Y,.the nondimens ional frequency govern- 

ing acoustic propagation Inside ducts, and (ii) St , the Strouhal 
number, which scales the jet noise spectrum shape. The experimental 
results showed that the higher modes dominate the pressure spectrum 
above their cutoff frequencies for loW values of f^ ( < 3) , while all 
modes are of approximately equal strength for higher values of f^ . 
This result is related to the behavior of the large-scale flow struc- 
tures in the region of the jet near the nozzle exit. 
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•• The measured modal pressure spectra were converted to acoustic- 
power spectra and integrated to determine overall downstream acoustic 
power. The acoustic efficiency, levels (sound power normalized by jet 
kinetic energy flow) were plotted vs. , the indicated Mach number 

of the jet that issues from the orifice or nozzle. The acoustic 
efficiencies were of the same order of magnitude as for the free jet 


case. 

The acoustic efficiency levels for the L9-*0 mm orifice and 16.2 mm 
nozzles agreed closely, indicating^ very similar noise generation char- 
acteristics for nozzles and orifices when the comparison is made using 
orifice vena contracta and nozzle exit plane conditions. 

The acoustic efficiency increased with the ratio of orifice to 
pipe diameter, , for constant . When the efficiency levels 


were divided by the area ratio 


• (tr • ' 


the data for the 12.7 and 


19.0 mm orifices collapsed onto a single curve. 


7d7^ - 3.47 X 10-* M*-‘ 


The dav- the 31.8 and 50.8 mm orifices 


y V* / ^ 

fell somewhat below that for the smaller orifices ofi this plot. This 
is believed to be caused by the Increased effect of the confining pipe- 
wall on the hydrodynamic behavior of the jet, for larger . The 

3.18-mm nozzle data, when efficiency was divided by , also fell 

somewhat below that for the 12 .-Z and 19.0 mm orifices. This is 
believecL to have been caused by the neglect of the acoustic energy above 
6000 Hz. 


• ♦ An approximate acoustic power measurement, which used one wall- 

mounted microphone and assumed that the total signal measured by the 
microphone was that of a plane wave, was compared to the exact acoustic 
power measurement. The one-microphone technique typically produced a 
sound power level approximately 1.5 dB above the exact value. 

•• Acoustic energy flow expressions were developed for the case of a 
circular, constant-area, hard-walled duct containing a parallel sheared 
mean flow. Three different formulations were examined: (i) energy flow 

expressions derived from the thermodynamic energy equation, (ii) energy 
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flow expresaions-derived from the conservation equation o£ Blockhlntsev, 
l.e., the geometric acoustics limit, and (lii) energy flow expressions 
derived from the conservation principle of Mohring. 

The acoustic energy flux derived from the thermodynamic energy 
equation consists of twa terms. The first term is the flow work 
( <p’v* >) of the acoustic wave and the second is the convection of. 
the-acoustic energy density by the mean flow_ This flux is conserved 
for the case of a hard-walled duct containing a. parallel sheared mean 
flow, but is not conserved in a general nonuniformly moving medium.. 

The energy flux expressions derived from the results of 
Blockhintsev and Mohring agree for high frequencJes and low mean shear, 
i.e., in the geometric acoustics limit. The Mohring flux is. a conserved 
quantity for all frequency and flowrate conditions, while the 
Blockhintsev flux is conserved only in the geometric acoustics limit. 

Thus a comparision of the values of these two energy flux expressions 
defines the validity of the geometric acoustics limit. 

The values of the (0,0) , (1,0) , (2,0) and (0,1) mode 
Blockhintsev and Mohring energy flux expressions were compared for a 
l/?*"^ power mean flow profile with centerline Mach numbers up to 0.9. 

For the (0,0) mode, the difference between these two energy flow 
expressions was uniformly small for low and high frequency. For the 
higher modes, the differences were greatest at the frequencies near cut- 
off and approached those seen for the (0,0) mode at higher frequen- 
cies. The general validity of the geometric acoustics limit was 
remarkable. 

The values of the energy flux expressions calculated for sheared 
mean flow profiles were compared to approximate values obtained by 
assuming a slug flow profile with the same overall flowrate. The 
agreement was very poor, except for the (0,0) mode at low frequencies 
and the higher modes very close to their cutoff, frequencies. 

The acoustic energy flow analysis based on the thermodynamic energy 
equation and on the results of Mohring both resulted in orthogonality 
properties for the eigenfunctions of the radial mode shape equation. 


th.a. could b. 01 U .0 in lu«h.r dovolopln* th. nnthe«.tl«l proportUo 
of this eigenvalue equation. 

5 2 lotis 

.. xho nppronlnate scaUn*.la« .u.»outed In Che pceeenc 
^ riTesl^c ''“^rrc.Tcr; sce.°ec nunhec 01 

which the .easurements are Bade _ „ 

rhla reaulC. The node „,,,„._ura over a 

separate a sreater number ol BOdea, thus allowing 

wider frequency range. 

.. preaent reaearch conaldarad 

arch the behavior of noncircular restrictions could b 
present research the behavior interest: (i) do the higher 

examined. In particular. ,,, ,,,,,,eular restric- 

mode nodal diameters have a pre nneircular restrictions 

d anM fii^ can the acoustic power output of noncircular restr 

tions. and (ii) can .tne circular obstructions? 

be correlated in. the same manner as the 

“ rr-".: -r;^ = =rr„r,.rr. 

most cases th (, g- he (1 0) (2,0) and (3,0) modes. 

in contrast to the behavior of Che » V ' he (11) and (2.1) 

It would be interesting to see if the behav or o » 

^hca la .iBllat to that ol the (0.1) mode 
Mdea could ha examined by alBply measuring the epect 
: i: mode separation technlgue over a ^ 

mode would combine with the (l.C mode an the (1 
would combine with the (2.0) mode. II the (1.1) and > 

also die oil rapidly above their cutoll Ireguencle . tbla » V ^ 

Chat the mode, with the nodal circles (l.e.. («.») «.ia. 

are less important than the (m,0) modes. 
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. • The extent to which Jthe higher acoustic duct a.odes contribute to 
the noise transmitted through the pipewall is influenced strongly by 
the flexibility of the pipe to these particular modes. The present 
research indicates that the higher modes may make a significant contri- 
bution to the noise transmitted through the pipewall. Further research 
on the pipewall vibration caused by the higher acoustic duct modes and 
the far field noise resulting from such pipewall vibration might 
clarify this issue. - 

•• The Mohring and Blockhintsev acoustic energy flow expressions give 
essentially the same results for the case of a hard-walled duct contain- 
ing a parallel shear flow. However, in many practical applications the 
duct walls are acoustically treated. Thus a similar comparislon for the 
case of a duct with acoustically treated walls would be useful. 


Table 1 


Accuracy of Geometric Acoustics Limit 
for 1/7*^^ Power Mean Flow Profile. 
Tabulated Values are (EWF^ - EWF^) /EWF^ 
in Per Cent 


(0»0) Mode (10) Mode 













Table 2 


A Comparison of the Mohring and Physical Energy Weighting Functions 
for l/?*"^ Power Mean Flow Profiles 


(0,0) Mode 


Y 

M 

max 

0.1 

M 

max 

0.5 

M » 0.9 

max 

M 

EWF 

p 

EWF 

EWF^ 

EWF^ 

EWF^ 

EWF^ 

0.5 

1.168 

1.080 

1.995 

1.413 

3.086 

1.765 

6 

1.061 

.9825 

1.525 

1.088 

2.244 

1.305 

10 

.9113 

.8447 

1.075 

.7787 

1.501 

.8955 

20 

■ .5732 

.5340 

.5544 

.4117 

.7333 

.4566 


(1,0) Mode 


Y 

M - 0.1 

max 

M ' 

max 

« 0.5 

M „ - 0.9 

max 

T 

M 

EWF 

EWF^ 

M 

ewf” 

ewf^ 

ewf^ 

p 

ewf^ 

B 

.2945 

.2902 

.4462 

.4347 

.6657 

.6503 

B 

.6985 

.6556 

1.035 

.7978 

1.422 

.9705 


.7042 

.6556 

..9259 

.6813 

1.292 

.7921 

B 

.5315 

.4957 

.5467 

.4066 

.7237 

.4519 


(2,0) Mode 


V 

M * 0.1 

max 

M - 0.5 

max 

M - 0.9 

max 

I 

ewf^ 

ewf^ 

EWF^ 

p 

EWF^ 

M 

EWF 

EWF^ 

3.5 

.2985 

.2908 

.4126 

.3843 

.5732 

.5289 

6 

.5399 

.5088 

.7659 

.6018 

1.024 

.7210 

10 

.5733 

.5362 

.7805 

.5863 

1.070 

.6841 

20 

.4830 

.4513 

.5278 

.3943 

1 

.6988 

.4397 


(0,1) Mode 



.3042 

.8224 

1.077 

1.684 


M 

max 

> 0.5 

max 

- 0.9 

™.«M 

EWF 

p 

EWF 

M 

EWF 

p 

EWF 

.5450 

.5300 

.8711 

.8480 

1.257 

1.001 ' 

1 

1.626 

1.190 

2.046 

1.481 

2.749 

1.679 

3.760 

2.618 

4.841 

2.741 












































Table 3 

Percentage Contributions of the Terms Containing (dM/dr) 
to the Total Values of EWF^ and EWF^ 


(0,0) Mode 



1/7 Power Profile 

M - 0.9 

max 

1/7 Power Profile 
“max - 

1/7 Power Profile 

M - 0.1 

max 

Lam. FI O' 
M 

max 

w Profile 
- 0.163 

y 

Mohring 

Physical 

Mohring 

Physical 

Mohring 

Physical 

Mohring 

Physical 


Flux 

Flux 

Flux 

Flux 

Flux 

Flux 

Flux 

Flux 

0.5 

1.80 

2. 42 

0.61 

0.85 

0.03 

0.04 

0.44 

0.65 

6 

1.97 

2.65 

0.66 

0.92 

0.03 

0,04 

0.43 

0.62 

10 

2.13 

2.85 

0.71 

0.98 

0.03 

0.04 

0.36 

0.53 

1 20 

2.09 

2.79 

0.70 

0.97 

0.03 

0.05 

0.20 

0.29 1 


(1.0) Mode 
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Fig. 3. Duot geometry and coordinate system. 
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line dia^ii-am of instrumentation for 
mode soparntlon toohnique. 


the 


i ns tan ta noous 





Modal pressure spectra measured with the Instan 
taneous mode separation technique. 

— © — (0,0) mode, ———(1,0) mode. 


<■— (2,0) mode. 




OB 
80 

80 

70 

80 

SO 

t 2 3 4 5 8 KHI 




I 2 3 4 S 6 KH2 



1 2 3 4 8 6 KHI 

Fig. 6. Modal pressure spectra measured with the time-averaged 
mode separation technique using 64 ensembles (light 
line). Output of the instantaneous technique (heavy 
line) shown for comparison. 


90 
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s 4 5 6 KHZ 


Fig. 13. A comparison of two sets of modal pressure spectra with closely 
matching frequency ratio. Light line: (d/D) ■ 0.327, M. ■ 

0.149, fr - 0.455, f„ - 325 Hz. Heavy line: (d/D) - 0.523, 

M. - 0.225. f - 0.428: f_. - 305 Hz. 







2 3 4 5 8 KH* 



2 3 4 5 8 KH8 



^ 2 8 4 6 8 KMl 

Fig. 14. A comparison of two sets of modal pressure spectra with closely 
matching frequency ratio. Light line; (d/D) - 0.196, M. - 

M . n aqS " - 2610 Hz. Heavy line; (d/D) » 0.131, 

M. - 0.499, fr ^ 3.72, f„^ - 2660 Hz. 






Hft. 15. Typical modal pressure spectra for th 
(d/D) - 0.033, M.- « 0.75, f » 21.8 

— ^ — (0,0) modii, (^,0) mod 
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16 • Modal power spectra calculated using the modal pressure spectra 
shown in Fig. 11. — — (0,0) tncde, (1»0) mode, 

(2,0) mode, V (3,0) mode. 
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Overall noise generation efficiency plotted as a function 
of jet indicated Mach number. 
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50.8 mm Orifice 


(d/D) 

- 0.520 

«i 

- 0.187 

f 

r 

- 0.356 


31.8 mm Orifice 

(d/D) 

« 0.327 

“i 

“ 0.277 

f 

r 

= 0.841 

19.0 mm 

Orifice 


(d/D) = 0.196 

- 0.492 

- 2.45 


Fig. 19. Modal pressure spectra Illustrating the relative levels of acoustic 
and hydrodynamic pressure fluctuations at the measurement station. 
® (0»0) mode, - — (1,0) mode, — a (2,0) mode. 
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Fig. 20. 


Modal pressure spectra 
restriction. Note dip 
(2,0) mode at 5000 Hz. 
— (0,0) mode, — 


measured 2.2 meters downstream of the 
in the (1,0) mode at 2500 Hz and in the 

(1,0) mode, ■ (2,0) mode. 
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Fig. 21. Cross-sectional pressure patterns for the first three acoustic 
duct modes. Dashed lines indicate type of pipe wall vibration 
caused by each mode. 
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Fig, 22. Modal pressure spectra measured 2.36 meters downstream of the 
restriction with stiffened pipe configuration. Experimental 
conditions (M^ and (d/D)) are identical to those for Fig. 20. 
& (0^0) mode, — (1,0) mode, — ■ (2,0) mode. 
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Fig. 23a. Modal pressure spectra measured upstream of the outlet plenum 
(2.2 meters downstream of the restriction). Experimental con- 
ditions ((d/D) and are identical to those for Fig. 23b. 

(0,0) mode, — — — — (1,0) mode, ■ E h— (2,0) mode. 


1 

1 


1 


i 




Fig. 23b. Modal pressure spectra measured in the downstream no-flow zone. 

Experimental conditions ((d/D) and Mj^ are identical to those 

for Fig. 23a. O— (0,0) mode, ----(1,0) mode, 

— (2,0) mode. 







M 1/7 th POWER SLUG FLOW 

"*•* PROFILE APPROX. 
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Fig. 26c. (2,0) mode energy weighting functions for sheared mean flow 

profiles and comparison to slug flow approximations. 
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Fig. 26d. (0,1) mode energy weighting functions for sheared mean flow 

profiles and comparison to slug flow approximations 
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Appendix A1 

COMPUTER PROGRAMS FOR THE MODE SEPARATION TECHNIQUES 

The programs ii; this appendix are Fortran- programs written for use 
with the Hewlett-Packard HP-2100A computer. 

Al.l. Program PIPE 

The computer program PIPE performs an on-line spectral analysis of. 
an analogue input signal using digital spectral analysis techniques. 

The program is usually run from a remote teletype terminal located near 
the experimental apparatus. The plotted spectrum is displayed on the 
oscilloscope plotter. Results are printed on the line printer and stored 
on digital magnetic, tape. 

The program operates in an interactive fashion* -.with the computer 
stopping and asking for input and- control variables at various points in 
the execution. The definitions of the input variables are included in 
the program listing on the following page. 


ooonooppponoonnooono 


Al.l. Listing of PIPE 

fTN,t 

PhUliKAM Pint 

i/s/n 

fc* AtK&CHtU 


WtTHOU Of A.VtK*ebU PtItlOUOeNAMS ro UhllHMlNk Thp 


INPUT I$t 
UNt 


MlCRUPHONb SIONAL INTO A/0 CHANNfel. 16 
MA6 TAPt PRUOUCfeO BT: PnOOnan OwOTB. (7/2/76) 


NUIti 


PkOGKAM PAMMEItKB- ASSUMt lAPUT MlOKUPHUnb SIGNAL IS 
AMPHTOOfc SCALtO BY AMPUfltH 66CU0N OpS*? IJli/ 


TTY COMMUNICATION IS PHOMPIEO AT SlATtMtNTV* b, 6, 10, 12, 17, 111, 729 

PUIPUT Ibl SPtCfKUM ON. O^ClUtOSOUPt PLUTT&H 
OUtUMtNTAl lUN- UN Llrtt HKlMtK 
PAHANtT£R ANU NEbUUTSi 5lUNAUt UN MAG TAPf, 


C 

C 

C 

C 

C 

C 

c 

c 

c 

c 


iSssSiS 

tut Attixct UBPU),rwtf u),ttiu,iPT4ii)),iKMm6(i),cMiKe(i)) 
lIbfl2600),l.lT(l)),iibH4gOOJ,YOBll)) 
lALPUm,IIbKl)),(lA(3Uj,LAtttL(U) 


bUu.VALtiiCb 

tUulVALLivCt 


PAltAMtltKS-fOH THIS H'JN 


OtltKMy,t UAIA ACUUISITION MOUfc » 6fe | 
lUAU s FLAG fOK UATA AtOUlSiriON huOt 
WiLt s •PIt't TAPt* ULt « fOK StUKAUt OF KtSULTS 
UAlt « CUMMtiMlb AMb bOK OUCUMtM A-TiUN 
NMUUb S KAUIAL Moot NUMbtN 
MMUUt s ClKCUMFtKbNTl AL MUUt NUMbtN 
GAIN a Ub LtVtL Of b«K 2ul0 "MtTkW ZtKO" 

NtNbb a AiUMbtH Of PtKiOOOGHAM AVtKAGtS T4i ttt MAOfc 

M nKlIt U.b) 

b fOKMAU" I nput 'flunys TAPt' flLt «,») 

Ktlu'iu;rifll!r U m -ttfeLL" SYMBOL 

if (IflLt.Lt.U) GO TO 4 
AKllt ( 1 , 6 ) 

If (10 Au.lI«u) gu lo 
A«itt (1,10) 

Cl-MMtMb fUN THIS NUN-/ 

i* S/H IN, NOilLt, OELPLfM 
NtAO (1,11) lOATb.lA 

11 fOhMAT (auA2,/,agA2) 

MNlIt U,12) 

12 fONMAT (//-INPUT! MMOOE, NMOOE, GAIN, NENSB.-) 


a 3,0 IN^ H2U, 60 IN, DONNSTnEAM,-) 


NEAU (1,A) 
GO lU 20 


MMUUE, NMOOE, GAIN, NENSb 
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5 


c 

c. 

c 

c. 

c 

c 

c 

c 

a 

c 

c 

c 

c 


c 

c 

c 

c 

c 

c 


c 

c 

c 

c 

c 

c 

c 


c 

c 

c 


c 


KfeAU Cto,U) lUATfc,lA 
HbAU MMUULf NMUDhftiAlN 

eUKMAUit^O.lU}- 

UrH) lUATt,lA#MMOUb,NMUUfe,ttAIW 

i/"nfb Muufe»,5x,"cAiNf,F5.i»« obv 

KtAU U»«) NtNSB. ’ 
iu Cut^UNUe 


>6 


W 


i-NUUUIZfe feNStMBLI: COUNTtH "Nb" ft Sbl PAKAM&T£R8 
UftU s BAixurtiOln POK UJ»fc IN SHtCTkA PUUI (HZ) 

ISKti— s. PbklUu OF UIOITAU SAHHClNb KAl6 (HICKUbSSC*) 
18KH s bU a> 20 rKZ 
NU1N8 s NliMbfcK OF POINTS PER OA-TA 8tT 
APtK s BASIC SAMPUt CENOTM tStC.) 

PKEU S SPtCrKAL HtSOLUTION (HZ/HAhMONIC) 

N8P s NUnBEK OF POINTS OBTAlNEo BY A/0 SYSTEM 

NFC s A/U CHANNEL Ib 

•label" AUU8 OOCUMENTATION TO "IA» 

Nt s 2 

BrtU a I0..*»l,b 
ISKP s. bo 
NbIMS s 2UAB 

APEN a FL0AUN8IN8)AUt-8*FL0ATU8KP) 

FKtU a 1,/APtP 

FMAX a FKtU*FLOAUNBINS/2) 

H8P a- 2*NB1NS 
NFC a lb ♦ 2uuB 


HAMMING data V.1NOOW HILL- BE 08EU TO TAPtK MiCKOPHONE SAMPLES. 

iMt Following siArtMtNis compute the weighting coefficients 

1POW a wINOOW PowEH COKRECTION FACTOR 


Pi. a 5,l«lbV2bb 
NCOEF a NoINS/2 
iPOw a b. 

00 bO lai, NCOEF • 

TCOtF(i) a o.bA • 0.Ab*C08(PltEL0AT 
bO TPOw a IPOW ♦ 1C0EF(I)**2 
IPOW a 2.*)P0w 


U-n/1023 


Two cohkection factors are neeoeo TO calculate spectra from 

U ® 1 A Am r t b S 0 

SrtORM normalizes fft output, 

CRCI COMFtNSAIES FOR FACTORS INTROOUCEO UY THE MODE SEPARATION 
TeCHNIUOE. nnf. 1 .wi. 


SNORM a 1,/ITP0W*NB1N8»IU.U) 

LKLI a ib.O 

IF (MFiOOE.EU.l) CRCT a A.g 
IF (MMOOE.GI.b) CRCT a l.u 

TO CONSERVE MEMORY, STORE •TCOEF* ON 0I8C 

CALL EAEe(t7,lFTK,lLrA,lSIZ) 

CALL EAEC(^,2,TCOEF,20«S,IMK«0) 


I 


\ 


i 


•j 


I 


0 } ’ ’ 
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c 

C. INltlAUlZb "W" AKKAt FUK FFl • ttlOMt OAi UiiiC 
CALU IFF I IN«2046«U) 
tALU k*EC(a»ii»W»«096* 1MK»16) 


iNiTlAUiZE Awm - THIS »KKAt AlU CUNTAJIi CUKKENT P5U AVEMOE 
AMiht s NOKMALl^tO MAGNUUUb. SUUAKE IHEAR) UF SHEC1KA 
s» V0LTS*«2. HEi. H«A 2010 
UU 6U lsi,l02A 
60 AHXaLUJ a 0.0 


UUtAlH MlCKUHnUME SAMPLE 

MUTE iHAt t«U DATA SETS AHE UOTAl^EO StUUtNTIALLT. 

CUHPLEX FFI. will TNANSFOMM TnO UATA SbiS SlhUL I ANEOUSLt IN SAME TIME 
AS SiNULE UATA SET. 


if IlUAU.Lt.O) OU tU IIU 


XF IHXS HKANCH ENlEHtO, Sti UP A/O SYSTEM 6 GET OATA 

MUl FXHSt, Gtl SIARIING TIME FKUM SYSTEM DISC FOK LATEK COMPUTATION 

OF 'tFFbClXVE AVERAGING TIME* (ToAH), 


CALL EXbCm.XUMbS) 

09 CALL X25Xil7(0) 

call XifilitT.b.O.U.S.A) 

CALL X23l3(T.b.-X.O»X8RP.O) 

CALL 1231 317 »2.-l.b,HKC,NSP,XSF»0J 
WAX! UNTIL UAIA AHE HEAU IN 
XOV CALL 123X3X7. 1 r iSt AT . XLUG). 

XF IXXilAT.Ll.O) GO TO XUV 
CALL X2313X/.0) 

XF LAST ENSEMBLE, GET FINISH TIME FHUM SYSTEM DISC. 

XF XuE.EXUNENSU) CALL EXEC U 1 , I T XMEF ) 

CHECK FOh A/O TIMING EHKOHS 

XFiXOlST (XSF, nSP).GE.O) GO TO 109 
NKllt Xl.lOl) ME 

lux FuKMAT IXB, " fH SAMPLE HETAixEN » PACING EkKOK OETECTEO ) 

GO To 99 

CHECK THAI UATA XS wXTHXN ♦•10 VOLl DYNAMIC HANGE 
NO-UCE XS GIVEN XF OVEKLOAE.O POINTS EXCEEU lOS OF SAMPLE 
109 CALL OVLOUtlHF ,NSP,NPUL0,NNUL0, 1)-. 

IF (NPULO^NnULO.LT .909) GO TO 190 

WKXTEU.XOS) Nt.NPOLO.NNOLD . .a- , ■ 

lOS FOHMATtA8AhPLE*,13,*»*,10X, 19," ♦OVEHLOAOS,", lOX, I9," -OVEMLOAOS") 
GO TO 190 


C 

C 

C 

C 

C 


IF THIS WHANLH ENTEHEO, GtT OATA FKUM MAG TAPE , ttiiei, 

NOTE THAI StNCHHONlZAT ION SIGNAL, INTEHLEAVEO WITH MIRE SIGNAL, IS OtSCANUEU 


lie wKiiE u,iii) 

lu format (/*TYPE in AVENAGXNG time (SEC.). "I 
NEAU XI, «) TdAK 

IMXN • FLOAT XNENSU) AFLOAT (NSINS^AFLUAT (ISMP)*1 .E»6 
IF XT0AR.LT.TM1N) TOARtTMlN 
TMAA M X2./SPtEO*FL O A T . lNHR) . 
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le UBAK\,UT.U>AX) IbAMsTMAH 
AKlIt IbAH 

eUKMAU'tOAK 10 bk UbtOl • btCJL//) 

I'lUBUA B NBP /64 

5BI.K s U(lBAK/UbK(»*l.t-b))-NbH)/ChtN»b-a)/b4.) - FLOAT(NUbLK) 

bU lU Itfl 

UU iMbBLK 3 I»>XXlBbUK*FtUAT(Ne*2))/(NE«2) 

CALU PI AHfc(«,0.NbBtKJ-_ 

121 00 lib. Jsi,N0bLK 

10 s- 64 A(J> 1 ) 

CALL kXbC(l»b»nbKrl2d) 

If UbUhlBi.Gi.U) GO TO 12<» 

C IF kOF KAb betN KkAO, KECOHPUTk TbAR ANU END OA-TA ACGU18IT10N 
TbAK 3 UNk>4)ja8aLKtNObLK)tNOaLLK}BlSKP«l,l:-6 
bU 10 2 b 0 
12V UU LiO 131,64 
liU IbFUtiQl 3 ITbF (2*1-1) 


CUNVbKT DATA TO FLOATING POiJVT (VOLTAGE) FONPi INTERLEAVE 
FUK UBk IN FFT# 6 SIOKE IN AKHAY *KH1KE" 

140 00 IbO 131,^046 
12 = 2*1 

KM1XEU2-1) 3 lAND(lbF(l),177760b)*O..U003125 
KMlAb(12) 3 lANOClbF (204etl),l77760b)*U. 0003125 
150 CUNllNOk 


recall "ICOEF* from disc & APPLY UAIA TAPER 
CALL EXtC(l,2,1COEF>204bilFTA,0J 

00 100 131,10241 

12 3 2*1 

KM1X£(I2>1) 3 TCOkF(I) * KMlKk(12-l) 

NMlKt:U2) 3 (CObF(I) * KMiAE(12) 
KMlNE(40Vb-12) 3 TCOEF(l) * RMlXt (40 Vb-I2) 

IBO HMUt(40V7-12) 3 TLOEF(l) * RMlKt (40V7-I2) 

COMPUTE & HEMOVk KESIOOAL MEAN FROM DATA 
F (X) <3 P (AJ • FbAR * 
bOMlsu, 

auM 2 so . 

00 ISO IsL^NSPfF 
aUM13BUMt*KMlKb(l) 

190- 30<’i2saoM2*KMlRt(l*l) 

FBAK138UM1/FL0AI (NblNb) ‘ 

FBAK236UM2/F'LUAr (NblNS) 

00 199 131,NBP,2 
KMlXtU)8HMlRE(l)-FBAHl 
195 KMlALlUl)sHMlKb(l*l)-FBAR2 

RECALL "A" FROM OlbC 4 COMPUTE FOURIER TRANbFURM 
CALL EXbC(l,2,R,409b>lFTK,16) 

CALL FFI(RMIKE) 


BUM PURER INTO EACH FREQUENCY IN RUNNING AVERAGE 
00 210 132,1025 

J 3 I-l 
12 3 2*1 
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= <tlOU • 

»KMlNt(i>Mi2)tti>)/CNCT 

AMlivtUJ S ANlKt(J) ♦ (SNOHMtXSPYS • AHiKk(«iJ - AH1KE(J))/Nb 
21V CUNtlNUt 


CUMPUIE CUKKtNI bStlMATt UP NUKMAL12E0 8TATI811CAL EKMOR 
9UKN s 1.00/8UKT(PL0ATCNE)) 

VTEkP s 1.0/SUKUNt*art0/FHbU) 

COMPUIc CUKkENT rt.N«8. PRESSURE t SPU 
THIS MUST OE NUHMAUZEO PUR U&K 2U1U 
SS s. u« 

UU 22V l»lflV24 
22V VS s.SS * AMlKt(l) 

bb s tU.AALUUilSS) t UAIR. 
bMKMS s VUH1 (SS) 

WHITE UUI CUhKENT VALUES UN TERMINAL 
WHitt (l>2bu) NErbTERKrSTEHP.bb 

2bV EUHMAT ("AMER",I3," ENSEMBLES C*»P3,2» V»F4,2»» STATISTICAL ERRO 
2K8), SPL =",Pb,l," US") 

TESt bNSEMbLE COUNTER 
NE s NE ♦ 2 

IP INE.LE.wENSb) 1P(10AU)12V»9V 
260 NE B Nt • 2 
NENSb = NE 

UElEHMlNE EPFECtlVE AVERAVlNb TIME, IP NUT PREVIOUSLY 8PECIPIE0. 

IP IlUAU.LE.V) bU TU bUO 
TH s lIlMtPlA) - ITIHESCA) 

IM s lUMEPlSJ - ITlMESCiJ 
Ts s 1UMEP12) - 111MES12) 

IP s itiMEPu) - niMtsm 

IbAR s TP/IVV. P TS 4' 6U.*(1M P bO.PTPI) 

CALLULAlE The POWER SPECTRAL DENSITY BASED ON •BWO* BANOmOTM, 

AbAlN s lu.PPlUAlN /lO.) 

UU 6«U lXSl,^^b 
TUbllXJ s u. 

IIYUX) 3 U 
6AV ALPLi UX) 3 b. 

UU OHV XX3i^,2Su 

PRUUXJ 3 buOV,*UX-25)/22S, 

PL 3 PHUUX) • BWO/2, 

PU 3 PHmUXI p BwO/2. 

HJL 8 PL/PKEU 
JL 3 nJL 

IP XhUL-JL.UT.V.S) UL 3 JLPt 
HJU 3 PUXP'NEO 
VU 3 HJl 

IP XHjU*U<l.bT,U,S) JU 3 JUPl 
AREA 3 b.U 
UU 6TV «*3J|.,JU 
67V AREA 3 AK'PIA p AMlwEU) 

AHEA3AREA-AMIKEUL)*(lUL-JLP0.S)-AMIRbUU>3UUPV.S-NJU) 
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AUKtrux) 
.6flU TUttUx) a 


a AliAlN*^KEA/|»isU 
lU.MltiSTULPLTUA)) 


. «■ wwwrb -wnnrn rurfcK’ 

FH6UUtNCY PUUTItU LlwbAKUT ( « TO 6000 H2 1 
VthUCAL AXIS 18 PUwfcH 8PU1RAL ObNOlIt PLOTTfeO LO«AfcIfIlJ|CAu!t, 

PINU MAXIMUM 84GNA.U AND SCALE OHAPM ACCOKOINBLT, 


AtMAX a AUPi.Tli2) 

00 800 X«A3,280 

08MAX a tO»ALUGT(ALMAX) 

MaCALt a Un1.v 0BMAX)/10)*U ♦ lu 
MbAXN a M8CALE - 20 

• 

^UO YUAiN s 

CALL 5»tTUPU,lfria),lPt44ia80),i300,I»TA) 
CALL XAXlai28,25!j,a,2g) 

CALL XAX18l2b,285,2,288J 
CALL tAXl8l28,20,256,2) 

CALL YAXl8C2bb,20,2S5»2) 

UU blO Lai, 9 
K a 5-L 

ItllC a 132 , ♦R* 8 *YGAIN 
CALL XAX 18 l 2 b, 29 ,l,lYTlC) 

610 CALL XAxi8l282,28A»l,IYTlC) 

UU olb LSI, 6 
IX s 28. ♦ 37.8*L 
CALL YAX18UX,20,23*1) 

CALL YAX* ;UX, 252, 254,1) 

CALL CUUt 
6NlUCLlNt,bl2) L 
612 PUKMAI (11) 

lx a lx - 3 

CALL »lLlNUX,b,LlNE,-U 
615 CUMIlRUli 
CALL coot 
WHllfclH!'lt,b2X) 

621 t‘UNhAU”U0'*) 

CALL «)Ll''l(d,245fLlNE,»2) 
uU b25 Ls(,o 
W a NUAlM ♦- (L-3)*10. 

M a 12V, t (L“3)*10*YGAH»- 

CALL CUUb 

AKi lk(LlKb>e24) f* 

624 POKMAK13) 

625 CALL S1L1M(3|M,L1NE,«3) 

CALL CUUa 
AKllb(Lli'«t,026) 

626 PUamAI ("A«2») 

CALL S1L1IH146,2#L1NE#«3) 

CALL coot 

nMlltlLlNE,b30) MMU06*NM00E 
630 POKh.*| Moot*) 

CALL 5tLlN(100«240>LlNE,*lV) 

kon plot IME spectnum 
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CALL 

UU 60S lASi^«^^0 

It s lie, ♦ tUAIN*ttOBlIX)-M.AJN) 

If- ilT.Lf.au) CU lU bttS 
CALL 

UtilX) s XT 
CUNiXNUb 

NOh AUi) PbtUUO-CONNtCllNfi LlNttt 80 8P8CTNA PLOT APKIAH8 CONTINUOUS 
6VV UU OVt lX8ii«(!A9 

ITNl S iXTUAJ • t 

IP UtP<X.L1.20) UU TU 6U& 
lb 8 MXM(KHT(lx-i),XIT(lXtl)) 

IF (lb.Lr.20J Itts^O 
IF (Ib.GL.lVMU UU TO 69S 
CALL YAxUUX,Ib,lTFUf2I 
69b CUNIIMUS 


LIbl iMPUhfAM PANANtraftS ON LlNb PHINIEK 

NKllfc (b>7^1) luATt»MMOOt,NI>iOOt, lA»NeNbb»8TtKf«»STERP»IBA» 

niUU (b,/22I AHEK«FMAX,HKbUf bWU 

Nnilb (b#/^3) 6AiN»LMHM8,UM i 

AKitb lb»7^«) IFlLk 

781 FUn«A!C»l",A0A8,//,lX,"lMl,",Ml,") MUUE» , //, I X,«0A8, /// 

*" AVtKiUtU PtKiUUUUKAM SPEC Tk A * * , / , IX 

l»lb»" UAMPLEb lAXEN a> NUKMALUtU bTAUbllCAL ERKOKb »",FA,8,»/» 
8.F3.cif/,lX,F7,l»'' SbC, AVtRAUXNU lIMt"»/) 

7bb FUKwATUlX,»SAhPLt UtNGlMJ*,FPb,b, " btC,*,/UX, "MAXIMUM FHEUUENCTl 
^ MX", /,UX, "MAXIMUM bPtCIKAL KESOLUT IUN»",F9,8, • h2">/, 

€!UX,"PL0T EUOIVALENT BANOW10Tt15",(-6,l," MI",/) 

Hi ruhMAlt" b«K iOlO AMPLIMEK *METtK ZEKU'S",F!>.l," OB",/," H.M.6. V 
lULIAbb UF AVEkaGEO PKE8SUHE SIGNAL*", Fb, 8," VOLTS",/," fON 8PL OF* 
8",Fb,8,« UP",////) 

78A FukmAII" UAIA srUhAGE* 
i: PIPE 18/3/77)") 


•PIPE tape* file »*,I4,/," SUUKCfc PNUUNAM 


hKllE (6,78b) IFILE 

78b FUbNAT ("l",8bX,"FILE •",!#,/" " , A (AX, "FHEU, OB ")) 
AK11E (b,/86) 

780 FUbMAT (• ") 

UU 786 IXs38,bb 
IXI 8 IX 4^ bb 
1X8 8 ixl 4 bb 
1X3 8 1X8 4 bb 

786 wrtllE (6,78/) FHu(IX),YUb(IX),FKU(Ul),YUB(IXl),FHa(IX8), 
6YU0 (IX8),FltU (1X3) ,YUb( 1X3) 

787 FOKMAI (" ",AiAX,Fi.O,lx,Fb.))) 

ONIIE (6,787) FHO(66),YOb(66),FKU(lAl),YOa(lA\),FHO(196), 
SYUOdVb) 


U16PLAY SPECIHA ANO LIST ON TEHMlNAL IF ObSlNEO. 

CALL USPLY(1,8,V) 

NNIIE (1,730) 

730 FONMAI ("lYPE *1* IF LISTING IS UESINEU ON TEHMlNAL,"/ 
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Ob *)/) 


*»*UIMtNrtlbt ItFt 
HCAU LIST 

IF Itlbl.tu.-n 60 TO 73b 
bHilt U,7Sb) 

73b hUKinAI K60. 

00 (SI iKsSitd'a 

ixi s IX ♦ bb 

iXb s IXi * bb 
1X3 c 1x2 ♦ bb 

737 bKlIt U,73tt) FhU(lX),YDbUX),FRUllXlJ,fUb(lXl),PK0aX2), 
»TUbUX2J»FhUUX3),YUbUX37 
73B foNMAI (• "»«K«X,Fb.O»U,Pb,rn 

nKlIb U,73«J FKUibb},YUb(bb},FHbU«ll,T0B(l<U)*FHy(|9b)» 
aroouvbi 
73b CUNTlNUb 

nNilb (1»73V) 

739 FOKhAf I" TYPt »l* TO STORE OUTPUT OR MAK TAPE#"/ 

** OThEKNlbE TYPt 
KbAO (!#*} blOht 
CALL ObPLY(-l#0#0) 

IF LblUHb.tb.-l) 60 TO 1000 

STUhtlRFUhMAUUN ON MAG TAPE. 


NtniNO 0 

NFiLt s IMtt » I 
CALL PI APtl0»NF lLt,0) 
nNltt (0#73X) lOATt 
NKlIt (0.731) lA 

MKlIt (0.732) IF ILE.NblUS.NtNSB.MMOOE.NMOOE 
MKlIb (0.733) APtK.FMAX.FKbU.STtPU.STtKP 
»«rtXlt (6.733) EMHMb.Ob.GAlN.bhO.TbAN 

nKllt (6.73a) 

731 FuniiAI (aUA^j 

732 FOKMAI 13120.211) 

733 FOKHAl (bt20,7) 

73a FokmaIC this KfcCOKO INTENTIONALLY LEFT bLANK") 
CALL bXtC(2.0. AMlXE.2Ua0) 

CALL EAEC(2#0.ALPLt.bl2) 

ENu FILE 0 
Eivo FILE 0 
HbWlniO 0 

iMlb SECIIUN EXITS PKOGKAM 

1000 CONTINUE 
STOP 
ENU 

0 

List ENU 


A1.2. Program PIPK4 

The computer program PIPE4 digitally samples. three microphone out- 
puts P^(0), p^(-), and P^(7T)), performs the subtractions (P (0) - 

P^O^ calculates the frequency spectrl of 

on th* in , spectra are displayed 

e osc oscope plotter and stored on magnetic tape for later use. 
Results are listed on the- line printer. 

This program also operates in an interactive fashion and is usually 
controlled from a remote teletype terminal. Input and control variables 
are explained in the conunent lines included in the listing. 
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A1.2. Listing of PIPE4 


MN»L 

HKUUiUUd-JilPfcO- 

b/U/7/ 
b. KbNbCHbN 

IMU f-hOliKAM lAKtS biMULTAwfcUUS bAHPtba UP KIU)» ANO P(l»0) 10- 

FUKM iHt IlMt AVt^AGtD SHECIHA <PiOj**E>t • PU«U)J**2> *»»0 

<lPiV) • NbCEESAH-Y PUN IlMb AVbKAObU MUUb SEPAKATION. TH6 

UHt AVbAOEO OU.TPUU AKt STOKtO UNJAPb POK USE «UM PIPES,-. 

input is* MICHOPHONE RIO) INTO CHAN, U,--li(«0) INTO CHAN. IT ANO 
PUeo) INTO CHAN. IS. 


OUTPUT IS* SPbClKUH UN USCIULUSCUPb PUUlTEK 
OOCUHENTATTUN ON LlWt PtUNTEH 
PAKAHtlEH ANU HtSULIS SIOKAUE ON NA6 TAPE 


C 

C 

C 

C 

C 

C 

C 

C 

C 

C 


C 


C 

C 

C 

C 

C 


C.UMMUN IBP (6144) » IhlAt (2wAS, i) » AMlAt a) 

UlHtNSION 10ATEC40)# 1 A 140 ) » LlWt I JO.) » rt I lUE4) , IPtlli 000) » IPlLEtS) 
OlMtNSlON TC0tFli»U).Ut(£b6)#t0bia'>6),Al.PtUESS)»PHU(2‘»S) 
UlMtNSiOU ITlWESlb) » ITINtP IS) ,NPUtUU) #NNUU013) .EMKMSti) »OB(J) 
OiHtNSiUN KI<UAt(a04S).CMlRklS12)»TPlI,U300) 

tUOlVAUtNCt UbPU)#1C0feFa)»wU).tUBU))»UBF ta040)»RMlREU)) 
tUUiVAUtwCt UbHS13).IXt(U),aBMr6U),AUPWUl)) 
tUUAVALtivCt abPU 2 Bl)»PHU(l))» UBFlW9i)»IPTlU)) 
tUUiVAUEwCk UBP U 0 V 3 ), 1 PUIU). U«PIS12l)»eMIKEU)) 


SET PAKAMtUl^S POH THIS RUN 

IPiUb 8 'PIPE TAPE* Pitt It POR STURAUE OF HbSUtTS 
UAlb S CUHHENlS AHE FUR DOCUMENT Al ION 

NMout IS set 10 'S' for this program 

MMOOE IS 8EI 10 'S' FOR THIS PROWRAM 
GAIN! 8 OB LEVEL OP BSK GAIN StTIING 

gain 8 I3U • GAINI , PUR CONSISTENCY NITH OTHER PROGRAMS. 
NENSB 8 number of PERIODOGRAM averages to Bb MAOb 


S PORMATl'lNPOl 'FLONYS TAPE* FILE NUMBERS FOR STORAGE OFV 
**<P10)*«2»» «IP10) - P(100))A*2P ANO 41P40) - PlVOllA^Z**) 


NEAU (T»*) 1FILEU)>IFILE(2),IFILE(3) - 

IV FORMA 1 - 1 / "INPUT I DATE S A LINE OF COMMENTS FOR THIS RUN"/ 
if b t d/ 5/77**/ 

3" * ' 3/4 IN. NOAILE# OELPLPM ■ 3,0 IN. H20« SO IN. OONVSTREAM,") 
REAU IT«TT) lOATEflA 
II PURMAI i4UA2f />40A2) 
nRIlt (1*12) 

u PuRMaT (//"INPUT t GAINI* NENSB,*) 

REAU (I*«) GAINt*NENSb 
MMUUE a b 
NMUUE 8 b 

GAIN 8 liU • GAINI 


iniiialue ensemble counter "ne" * SET parameters 
Bho * banuaioth for use in spectra plot (HA) 

ISRP 8 PERIUO OF DIGITAL SAMPLING RATE (MICH0*SEC,) 
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c 

c 

c 

c 

c 

c 


c 

c 

c 

c 

c 

c 


c 

c 

c 

c 

c 

c 


c 

c 

c 


c 

c 

c 

c 

c 


c 

c 

c 

c 

c 

c 

c 


NblNi> « ivUMBtN Uj' HUINU HtN DATA 5tl 
APtK 5 bAblC bAHHLfc LfeNGTH (btC«) 

fHta s bPtciKAL nabOLunoN (hz/hah«omc) 

hSK a NUMdtK. UP PUINTS OblAlNti) »t A/U-SYSTfeH 
NPC s A/U CMANNtL 16 


ua S £ 

bVtU s lU.AJtl .6 
IbKP s ?l 
UoXNd s 

AetK s PUiAU^bXN 6 )«Ua» 6 <fPLOATUSKPi 

fKtU* s l./AHtK 

PMAX ft PKtU*PUUATiNBXNS/2) 

(MSP ft C2«WBXNS)«3 
,MPa ft U ♦ 20 Ub 
ft 16 ♦ auob 


MAMMlNti DATA WINDOW WILL BE USED TO tAHEK ««KOPHONE SAMPLE#, 
fKt f>ULLOwiNli STArEMENTS C'JMPOU TME WBi 8 MT»N 9 COE^FlCltNT# 
THUW 8 WINDOW PUWtK COHHECTION FACTOH 


Ki 8 A,14l!>9<bS 
NtUtf- 8 NblNS/2 
IPUW 80 , 

UU bu XftlfiMCUtP 

ICwtKi) 8 0.50 - 0.«S*COS(Pi»FL0ATU-n/5ll») 

bO TPOW 8 IPOW ♦ TC0EFII.)**2 

IPow 8 2,*TP0w 

8N0KM NUHMAUlZES PPT OUTPUT, 

SWUKM 8 l./OPUw*Nt)lNS) 

TO CONbtKVE MtMUKY# STOKE "TCOEF" ON DISC 

CALL tXtLU?»iHM»lLTw,l#12) 

CALL tAtC(2,2,1C0tP,l02A,UrR,«) 


INlllALiZt "w»- AHKAY POM FFT A SlOMt ON DISC 
CALL lFFr(W,l 020 » 0 ) 

CALL 


INlUALUt AHIKE, AMIRE WILL CONTAIN CUKNENl PSO 
AVtKAUtS IMELATiVE TO 'CAIN*), 

00 bO J8l»3 
00 bU I8l,bl2 
bU ANlRbUiJ) 8 0,0 


Obi AIN MiCKOPHONE SAMPLE , 

WoTb IHAT Two DATA SETS AHE OWTAlNtO “tHOENi lALLY , 

COMPLEX FFT WILL IKANSFOKM TWO DATA SET# SlMOLTANtOUSLt Hi SAME TIME 
A# SINGLE OATA SET, 


TO FOKMAT(/"*^NENSB", JX#»STAT* EHH,»,SXi '‘<PlO)* 82 »''» 5 ** 
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lz\ * ‘‘tr o*r*. 

oul fiKbl, (iti ■ 

't^ftcuvt 


UlfeH COMPurAIIOW 


c 

c 

c 

c 

c 

c 


c 

c 

c 

c 

c 

c 

c 


yu tW-CUltlTlMfeSj 

CALL USU{7$Q} 

rJhi^ X5KH,0} 

!► U&T»f,Ul,wJ GO TO IbU 
call li;JiitT,o) 

inj'ij'*'"'" • »*«1NU EKKOK OUtCTtO., 

NOIJltt Is'uiVt* {* OVfcKLOAOto*!^ Iflll^ C’^NAMXC HAMSfc 
iOA CALL UVLUUliHF,NbP,Jpi?;"5,io[u ; «*MHL6 

HPOLO s .,IPUL0(U ♦ NPOLOia ; N?iLull> 

^ULU c w.«OLUU) ♦ NN0LU(2) t NNULUCll^ 

►•OINT VoUAGt FOKM LAIEk! ^ TO KLOATINK 

130 OU I4U i8i»if04<i 

n.,. tK<.,.,„.,„ 

00 iiv J«1,3 

to FLOAllhG OOiM^VULT AGe'foiIm!!^ ••^XAY »KMiKE»> AND CONVENT 


C 

c 

c 

c 


00 Ibv lai,lg^A 
« etti 

INIkE (NU lN8*i f J J *g, gg|25 


NMiAEU^T 
i!^g continue 


HECALL ••ICOtF" FNUM OUC A APPLY UAIA Yawku 

CAU tAECU.i^TCOEpJlSEj^lFTtJg?*'* 


ri n n 


UU U,u _ 

XMilvtUiJ S Icotj!}! * U 

c “ril f,;r.“''f.." 5 ““''“- »««« o.t, 

8UM]l sg, 

l<i » 

»<tCALl. •no fKUM niv,. 

= i?*l 

NMi«» s _ Ig 

^ . *«UE(a. 4 , 


COMHuifc COKWfcM tSriMATi. .. 

, 

«» ♦«*!. 

21« CONti^ut “"MBb) 

uif) OtfM 0 «,F 5 .|»‘ 0 #*, 

«k»l tNatHbLt CUONrtH 

nt 8 Nt 4 

iMk.lt (MtMBbJ bu lu by 
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i!6U Nt a Nt - 2 
NtMM a (^b 

UbltMHlNb bKFbCUVb AVbMAGiNU TlHb> IF MUI HKliVlUUSLV 3t*tClFlbO« 

IH a iriMtFia] • 

IM a iUMtFia) - lUMtSliJ 
u a iiiMtFiaj - iUMtau) 
u 8 i.uMtFuJ - lUMtau) 

TBAK 8 IF/lUO, ♦ T8 ♦ t bU.AlH) 

CALtULAIt .(Hb PUAbK bPECTRAt UbNbllf BA$bU UN "UNU* BANONlOIH*.. 

NbiolNU tt 
NFlLb a 1 

UU tOUU Jal,3 

AbAlM a IU.**16A1N /Itt*} 

UU b4U ixauebb 
Tuullx) a 0. 
lim.XJ a U 
baO ALKLI (lx) a 0. 

UU bbv 

FHUUX) a bOyO.*tlX-a5)/£2S, 

Ft a MtullX) - bbU/2. 

FU a FKUUX) ♦ tiHO/i, 

KJL a FL/FKbU 
JL a KJL 

IMKJL-JL.bl.O.b) JL a JL*1 
NJU a FU/FKbU 
JU a NJU 

IF (NJU'JU.GI .0.5) JU a JUFl 
AhbA a U.U 
UU b7v iajLfJU 
b70 AHbA a AKLA t AFilKkU»J) 

ANtAaANbA-AMlKb(JL> J)*(KJL»Jb*U.5)«AMIKb(JU. J)«(JUF0#S-NJU} 
ALPLItlX) a AGAlN*AKbA/tmu 
bO« YUtfUX) a IO.xALUUUALHLT llX)) 

Sbl UP bCliPb 'UKAPH PAPbN* 

huhl^UMAL AXlb lb FKbQUbNCY PLUTTbU LlhbAHLT ( 0 TO 6090 HI ) 
VbNilCAL AXlb Lb PUAbN bPbCTKAL UbNSUY PLUTTbU UOGANlTHMiCAULY. 

FLNU MAXIMUM bUNAL ANi) bCALb SNAPH ACCUKU1N6LV, 

ALMAX a ALPLt (32) 

UU bUU 1833. ^5U 

IF (ALPLUl) .(.t. ALMAX) AUMAX a ALPLTU) 

500 CuMllNUb 

UBMAX a iU*ALUGI (ALMAX) 

MbCALk a (INI (UUMAX)/1U)*10 F 10 
NGAIN a Mb(;ALb * 20 

YbAlN a 5.U 

CALL 8ktUP(t.lPUU).lPtU1300)*1300«lSTA) 

CALL XAXlb(25.£55>2f2U) 

CALL XAXlb(25«255>2>255) 

CALL YAXlb(25»20.255>2) 
call YAXlb(255i20»255»2) 
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UU bti) LatfV 
R s S-U 

nUC s li<2. «K*&*Y641N 
CAUL AAAl5Ub»<!V.l,lYTlC) 
blU tALL AAA4bti>i,ai«,l.ltTm 
UU bl^ L«4«b 
iA s ib, ♦ 3?,S»L 
CALL YAXiaUX,£0»25»l) 

CAUL YAXlb(IX,eS2,eS4»U 
CALL CUUb 
AKilbU.i(<>t»bl2) I. 

6U eUKH .UlU 
IX s- IX • i 

CAUL 4ll.IN(lk,0,LINE>-n 
tii CwMiiruib 
CAUL CUuc 
i»KiltiU-<t,b2n 

621 i>UNMAU"Ub*J 

CAUL UTUIitiU6»24b»LlNE»*2) 

UU 62b Lsl,b 
N s bUAllY ♦ (Lo3)«10 
M s 424. ♦ (L-3)*10*Y6AIN 
CAUL CUUt 
«H4lb4UlUt»b24> N 
624 bUt«>iAT(4i) 

62b CALL 5lLlNl3,M,ulNE,-3) 

CAUL CUUb 
KN4lb(UiNb,620) 

620 f^UNMAl ("AH2") 

CAUL J»IU4tiU40,e,uUnt,-3) 

CAUL CUUb 

MN4tb(U4Nb,6S0) MMUUEfNMUUfc 
650 bwNMAU"(",U,",»,ii,«) HOOfe") 

CAUL OTL4>'a4OU<240>U4Nk»>40) 

NUW PLOU FHt SPtCIWUM 

CAUL 6blue(2,lPI3(4J,iHT5(2V00)#2ttV0aSTC) 

UU 66b IXS52;2b'.' 

4Y s lS^, t YUA1 Na(YUB(1*)-NGAIN) 

If 44Y.U1 .20) GU lU 66b 
CAUL 46lHU(tX,lY) 

44TUXJ e IT 
66b CUntllTUE 

NU6 AUU POEUUU'CONNECTlNC U1NE6 6U 6KECTMA PLOT APPEAK8 CONTINUOUS 

640 UU 04b 4X333>244 
IYM4 = 44V(4A) - 1 
4b (lYKil.ui .20) bU TU 64b 
Id 8 M4ITOU4YUx>4)f IirUXbl)) 

4b 110.U.2V) 168^0 
lb aO.Gb.lTNl) GO fU 04b 
CAUL VAX46(lX,lB»lYm,2) 

64b CUNtlbUb 


US) IMPORlAwr PAKAHETERS ON LINE PNlNIEN 
tPU.OT.l) 60 TO 714 


no 


bU 1U 7i9 

714 It-U.bt.a) &U-1U 71S 
MKilb(t>»7i7) 
bU tU IlH 
rib-MKimbWie) 

71b fUKMAU"!. IHbUNTANfcOUS 8AMKUlt«b PMUUKAMt <P(0)»*2»*) 

717 fUKMAUH IbbTANUNtUUb bAMHLlMi PKObKAMl <CP(0) 

71« FbNt«AJl*l INbf ANI ANbUUS SAMPLXNtt PN06KAMI <(PU7) • P(90))**2»*) 

71V AKltt ltt»72Ul iUAlbi lA»WbNStt»SttKK>bie;HPrtbAK , 

nKltb lbf7dl) APbK»FMAX,PKbU.ttMU 
MKlIb (b«^7(^^7 bAIin«bMKM3(J),OblJ7 
nHiie tbW^i) lMLb(l)aFlUb42)>lPltii(3) 
nNilb lb»7£«) IFILUJ.! 

720 POkMAK//" *»AbA2,//»lX,‘IOA2,/// 

b* AVbKAbbU PbKlUUbbKAM SHbCTKA t " , / , IX 

l»lb»” &AHPU£b TAXbN a> NUKMAUUbU blATlbUCAU £MN0K8 «*>£4.2« */« 

2,Fi.e./rlXfF7.U'* 8EC. AVbKAGlNb TlMb">/) 

721 ^UH^>A7 aiX^"SAMHLfc UENS7H J%F2b,b, » &bC.*»/llX, "MAXIMUM FNEBuENCVt 

1"-,H7.0," IIX, "MAXIMUM SPbClKAL MtbULOTIUNI "#f V.2, " 

2UX,*PLUl buUlVALbNT bANUAlOTK»",K6.1»* 

722 FUKMAU" b»A 222 bAlN Sbtl lN<><"rP5.1»” Db*,/," K.M.8. V”r 
l"ULiXbb UF AVbKAbbU PREbbURb 81bNALt."^Fb.2» "JV.OUb"«/f " FOR 8PL"»^ 

2" up: ",Fb.2*" UH",//) 

723 FOkMAU" file NUMbbKS "»14,», ",14," AMO ",14#" TAKEN 8 Xm", 

»“ULIAWbUUbLT") 

724 FUHrtAll” UAIA blUHAbE: 'PIPE TAPE* FILE «”fX4r/»* SOURCE PROGRAM 

i: PXPE4 15/12/77)") ' 

C 

AKXtb (6,725) IFILE(J) j 

725 FUKMAt t"l",25X,"FXLE »",X4,/" ",4(4X,"FRE«,__ DS ")) ' 

MRlIb (6,72b) 

72b FOKMAl (" ") 

UU / 2 b ixsi2,b5 
XXI s ix « 55 
1X2 s XXI *■ 55 
IXi = XX2 * 55 

72b nKXIb (6,727) FKU(IX) , YUb (XX) ,FKU(XX1) , YUb ( XXI ) ,FR0(XX2) , 

SYUb(ix2),FNb(lX3),YUb(XX3) 

727 FUhMAI (• ",4(4X,F5,8,1X,F5.1)) 

MKlTb (6,727) FHy(bb),YUb(bb),FKU(141),VUll(141),FRa(lVb)r 
bYDb(lVb) 

C 

C 

C 

C UXbPLAY SPbCTKA ANO LIST ON TEKMXNAL XF UESXREU* 

C 

CALL UbPLY(l,2,0) 
nKltb (l,7iU) 

730 FOKMAl ("lYPb 'I* IF LXSTXNG X» UEbXHEO ON TEHMXNAl,*/ / . 

*,"ulMbK*vl8b lYPb '-1'") 

KbAU (!,") List 
CALL ObPLT(«l,0,0) 

IF (LXbl.bU.'l) bU TO 735 
ANlTb (1,73b) 

73b FUHMAI ("U",4(4X,"FRE0. Ob ")/) 

UO 73/ XXa32»b5 

Xxl s XX « 55 < 

XX2 s XXI * 55 
XX3 » XX2 * 55 
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7i7 MNlIt 7KU(U)»YUtUl)(liKKUUkU,YUttUXU,l»RBUX2)( 

• YullUX2),FKUUXi),YbB(IXi) 

73d FUKWAI I" "»AUX,f5,0,U»Fi,U) 

AKilf ti,73d| FKU(«b) ».Y0d(i>A)iPHWUAU»lUttU«U*FHS(19d)« 
3TU0(19t>) . 

73S CUNtlNUt 

AKlIt Uf7i9) 

739 F0KMA7 (" lYHfe *1' TO 8T0R6 OUTPUT OH MAS TAPK#*/ 

»• UTHkHlUSg lYPt 
RtAU U»») dlUKfe 
IFlSTUrtt.kU.'l) 00. TO 4000 


8T4iKk INFUKMATIUN ON MAG TAPE, 


C 


C 


00 7«U» lsi,iU 

7«tt-UMiAfeU) a AMtKEUiJ) 


737 

73R 

733 

73« 


NFILE a IFIUEU) - NFllE 
iFlNFlLt.Lt.O) NFIUfe s NFTUE . » 

CALL PtAPt(a,NFil.E,0) 

NFiOt a iFlLt(J) 

AHIIE U»73n lOAlE 
wKlTfc ia,73U lA 

KKilE la,73aJ lFlLE(J}#NttlNa,JVENaB,MMUOb>NMOO£ 
NKIU (a, 733) AeEN,FMAX,FrtEQ,8T.trtR,81tKP 
ttKllE le»/33) EMNMSU4f 0B(J)»bAXN>Bft0,TaAR 
HHlIE (a, 734) 

format (AUA2) 


FOKMA1 (312Vt211) 

Format ( bt^o.7) 

FuKmaTI" iHia KtCOhO INTENTIONALLY LEFT BLANK") 
CALL ExtC(E,a,CMlKE,tOifA) 

CALL bAtCie,a,ALFLT,8U) 

ENU FILE a 
ENU FILE a 
CALL PlAPEi«,'3,0) 


lOOU CONTINUE 
NEAlNO « 

afup 

ENU 

« 

LIST ENO 


> 
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Prottram PIPK2 


The computer program PIPE2 parforma the subtractions of tlma- 
avsragod data nuadad tor th, time-avaragad mode separation tachnlqua. 
This program operates on frequency spectra of p (0)^ (p (O) - p (n)) 

PIPE4^'''**°^ ' which have previously been calculated by program 

The program PIPE! first needs Che frequency spectra of P (0), 

- ■■„(’«) and (P„(0) - P„(f)) from magnetic tape. The tlL- 
averaged mode separation is then performed at each center frequency of . 
the 31.6 Ht bandwidth data. The (0,0), (1,0), and (2,0) mode spectra 
are then sequentially displayed on the oscilloscope plottert. Results are 
listed on the line printer and stored on magnetic tape. 

The program operates in an Interactive mode, with the Input Informa- 
tion being provided when asked for over the CRT terminal. The Input 
variables are explained in the program listing. 
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AI.5. Listing of PIPE2 


FTN»L 

HHU&HAH eiFt2 

iUHm 

e. KtKSCHtN 

HHUUNAM HcKt-UNMa MOUli StHANAHUN bT A HATKIA' 

UHtKAliUN UN tint. AVtKAUeU UA1A» AND PtUtb 
bPbCJ-KA UN (Ht UbCKUUbCUPb PCUTUK. 

SUUHCb bPaCTHA Mual hAVt b&IN PKtVlUUSLY Ubr^HMlNEO, 4 STONED ON 
•PlPt lAHb' bT SOUhCfc PROUKAMJ PiPt iS/j/TT) 


COMMON ACPtI l2Sb) * IPTt U3-00) , UT (2bb ) , YUJU2bb ) , IPT312000J * 
4Al2bb»i)»P(2SS»3)»AMlKEU02<t}»PKU(eSb) 

UiMbNSlUN NUATE(A0)»IA(40)»iOATb(«U)»LlNE(iU)»MPIlSC3)» 

nRXTt (l»a) 

b AohMAT l//» INPUT THE OAX£-") 

KtAU nDATE 

H PUKmaT (40A2J 

Ikitti > 0 
Ht^klMO b 
MFlLt s 1 
nwiTE U>IU) 

10 TOWMATt//" MA1KIX MOOE atPARATlON TtCHNlUUfc"//"TTPE IN" 

1," aOUKCt ‘PlPt UPfc' FlLc NOMbtKS FOK <XP10))**2>»"/ 

2" <lPlli)-P(iao))»*2> ANO *CPIU)-PIT0)I«*2>,") 

KtAuU*"} MFl|.E(U»MFlLE(2}»MFlCt(i) 
nHilb lUU) 

11 FUHMAT ("ItPE IN FILE NUMbEKS PUK STURASE OF MODAL SPECTMA") 
HEAU (If*) JFILEU)f JFlLE(2)f JFILE(S) 

C 

C KEAU UATA FROM MFlLEb. 

C 

DU 20 Isifi 

NFILE s MFlLtU) - NFILE 
IF (NFILE. Lt»U) NFILE s NFILE • I 
CALL PTAPt(Bf NFILEf 0) 

HEAD (Bflb)IOAIE 
HEAD (bflb)IA 

READ (Of IbHFILEfNHINSfNENSbfMMUOEfNMUDE 
head (OflO) APtKf FMAXf FNEOf bftHKf bTEHP 
HEAD (Of lB)cMHMbfUBfJIAINfbnD#1bAN 
Ib FUNMAt(«DA2) 

Ib FUHMAT(lI20f^II) 

Ib FUHMA1 (bE20.T) 

CALL PIAPE(bfUf2) 

CALL EXECdfbf ALPLTfbI2) 

DO AO IXSlf2bu 
30 A(IXfl) B AlPLKIX) 

C 

C CMECA THAI PNOPtR DATA MAS SEEN HEAD IN 
NFILE s IFILE 

IF (MFILEU). to. IFILE) 60 TO bU 
C 

C THIS dHANCN ENTeHEU ONLY IF DATA EHNUK DETECIEO 
«S NHITE (If«7) MFILE(I) 
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mT eOKMAU//"DAU tKKO» OtTtCTtU IN NfeAUlNii Htt »"»14|) 

c 

C NOKMAt Pnw6KAI'i CUNTINUATION 
C AhiJt UOl ugCUMtMlAUUrt 

c 

bO MXi1liU,SUlFUt»lUATE*lA,0tt 

^ SI PUKMAT(//»fiLt *M3./»A0A2,/,«0A2,/,»5KU. 0»«) 

go CUNllNUt 

IPUthH.Ey.i) 6U 10 1000 
C 
C 

C HtKFONH MU06 8EPAHA110N. 

C 


c 

c 

c 


c 

c 

c 

c 

c 

c 

c 


UU AO lASU^SU 

PU*»U s AUX* 1 ) - AUX,21/«,g . A(iXri)/4.0 
PUX.iJ s AUX,2)/«.o 
40 P(1X,3; a A(IX,3J/4,0 « A(lX,2}/«,0 

NON PUOI 8HECTKA UN OSClLLOSCOPe PLOTTEN 

NhUUE a 0 
00 oO lal,3 
OU to 1X838, 2S0 
70 ALPLIUX) a PUX,1) 

MMUOt 8 X . 1 


»t1 UP !>COPt 'lihAPH PAPEK* 

HUKlXONIAI. AXIS Xb PktWUtNtr PUOTTEO LlNfeAKLT ( 0 TO 6000 H2 1 
VfeHlXtAL AXXS lb PONEK SPfeCTHAU OtNSXTT PLUTIEO tOCARlTHMlCALLV. 


FINU MAXIMUM blGNAL ANO SCAUfe GRAPH ACCORL'lNCtt. 


C 


ALMAX 8 AUPLU38J 
00 bOU J833,8!9U 

IF IALPUTUX.GT.ALMAXJ ALMAX a ALPLttJ) 
500 CUNIINUE 

UOMAX 8 10«ALUGUALMAX) 

MbCALb 8 IXNU0HMAXJ/10)*10 ♦ to 
NGAXu 8 MbCALE • 80 


600 


610 


618 


tUAXlV 8 b.y 


CALL btlUPU,lPl 1 U) , IPM 
CALL XAXlS(8a,8SS,8,80) 
CALL *AXlb(8b,8bS,8,85S) 
CALL lAAlbl8S, 80,855, 8 ) 
CALL TAxX 61855,80,855,2) 


(1300), 1300, IOTA) 


UU 6lO Lat,<il 
A 8 b-L 

IHXC a 138, tK*5*TbAlN 
CALL xAXXb(86,84,l,lTTIC) 
CALL XAxl»(858,8b4,l,lYTlC) 
UU el5 Lai, 6 
lx a 85, ♦ 37,5*L 
CALL l**lbl»V,80,83,l) 

CALL TAXlSdX, 852, 854,1) 

CALL cuoe 
NRllb(LINE,618) L 
FUHMATUI) 
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AA s IX . 3 

015 CUWllNUt r * iif W 

CALL Cuub 

*^KutiLii»t,bau 

A21 KJNMA I Cub*) 

N a NSAiN t (L*3)*10 

62« 

rtKXIt(UlMe, 52 Bj 
b 20 FUWMAI l"RM/") 

cJtt 

taa lUli«lt,6gVJ MMOOe.NMUUfe 

62S ^ukMAT ("(MI.-.Mi.SJ mJSc,, 

CALL 5»fLliMUO(i,2<tO»LlNE,-iO) 


NUn HLUT J he bPEClKUM 


»UbllAJ a 0 , 
b‘*« UUIX) a 0 

OU bbU lxaji,2i„ 

• «S)/ 22 b. 

(ir^Lf ^,I°*^”!‘Tl)blXx;-HOAIN) 

Ar ilT,Ll,^0) (iy IQ tan 

CALL XSIHhUX,1yj 
XXYUx) a iY 
bttO CUHtXi^Ut 


»». ... U«. »0 e««n,„o. 

fl Jlil ^txc. 


OVU UU b 95 lAS 33 f ^49 

• aruAj . I 

IP UU TU 695 

« a MiMiiiYliX-U,llY(lXM)) 

X^ llB.LI.rfu) Iba^O 

bO TO 6»5 

.« c!!;iij;j‘’“*'*“’‘'"‘>" 

T«Xb lb A TEMPOkAHT FIX. 

kAlH 8 0,0 
bkNMS a 0*0 
UB a o.U 
UU b«b Jai»102« 

6V6 AMXRfc(Ji ■ 0,0 
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• ;•??••» <*s!: . i;r.vig 




tAAtjlAWT Mi'iaWAiaM a ircg— 


c 

c 

c 


o o o r: n 


C Lisr IMKUKlANl PAH*htTtR8 ON UlNt HKlNTfeK 

c 

hitllt ibtIdX) M}Alk»MMUUt«WMUI)b> lA,MemS0f STbMH»8tlLrtP»T0AK 

XNlIt; ib,7^aj AKbKfhHAX^PHbUrtllAU 

r>Ki1b {.b,Uii bAlNtbMHMS.Ud 

MKitb ib,nH) MFltbU)iMi‘;Lbl2)i*«PIUbl3) 

tVKiU. (6«7d<t) JMUbU) 

Ul bOKMAU"l*.‘»«Aa,//,lX,''l''»a,*»*»l W) M00b'',//»JX,40A2./// 
b* AVbhAObU PbKlUOUGKAM SPbCTHA I " » / f t X 
l»Ib/"-b-AMPbb8 TAAbN s> NUKMALUbO 8IAU8UCAU EHRUK9 
2,e4,2./»l*»F7.1.* btC, AVbKAOlNU 

722 HUKnAt UlX»*8AMPLb LbNbI Mi * , F2D.b> * bbC.*»/nx>"MAXlHUM HKbUUblXCft 
l*,M7.W," Mi",/,nX,'*MAXiMUW SPbClKAU KbbUUU f iON J • * F9,2, * H2*,/, 
21U,"PLUT EUUlVALbNT BAN0nlUThl",P6.l»" M2»,/) 

72i PUKMATl* s*A 2010 AMPLlUbH 'hbTbh itKO* R.M.8, V 

lULlAtib UP AVbKAUbU PPb8SUHb-8I(>HAL I * » P b.2» ” VUUr8"»/»" PUH 8PU UFt 
2".Po.2»* UbS/7) 

72U POMMAU" OAlA iUUKCEi FlLbS* , IA» * # *> 1A» * ANO»»X«) 

72« PUNmAK* UAIA STUNAGEI 'PIPE TAPE' FILE BOUNCE PN06MAM 

IS PlPt2 13/1/77)*) 

C 

ttNlIb (6.72b) JPU.E(I> 

72b PUKMAl Cl«,2bX,"KiuE i«».l«./* ",«(ax,"FKtU, Ott ")) 

MHltb (6.720) 

726 PUKMAt (• *) 

UU 726 1XS32.6E 
1X1 s IX t bb 
1X2 s 1X1 ♦ bb 
1x3 = 1x2 * bb 

726 nMlIb (6.727) PKU ( I X) . YOb ( IX) ,FKU (1X1) . YU6 (1X1 ) .FRQ(1X2) » 
»Yua(lx2).PKa(ix3).Yua(lxi) 

727 PunmAI C ".4(4X.Fb.U.lX.Pb.l)) 

NHlIt (6.727) pKU(B6).YUb(66).PNU(141).TU6(141).FRU(196). 

SYUb(lV6) 


UlbPEAY bPbCIHA ANU LIST UN TERMINAL IF bb8)HbO. 

CALL DbPLt(l,2.«) 

NNilb (1.73U) MMUUb.NMUUb 

730 POKMAT (//" (•.il.".".!!.*) MOOb MAS SEEN CALCULATED*/ 

6" TTPt IP LISTING IS OESIHEO ON TERMINAL."/ 

*" OtHtKMSfc TYPE '-!•.") 

KLAU '(«*) List 
CALL USPLT(-l«b.U) 

IF (LlST.bU.-l) GU TO 73b 
NHlIb (1.736) 

736 POKMAT ("o*.4(4X,*PKEQ. OB ")/) 

00 737 lX832.ab 

1X1 • lx « bb 
1X2 » ixl ♦ bb 
1X3 8 1X2 ♦ bb 

737 NKltb (1.736) PKU(1X).TD6(1X).FHU(1X1).Y0B(IX1).FH0(1X2). 
61 UP (1X2.. F HU (1X3). TOB( IX 3) 

736 POHMAI (* ".AlMX.Fb.O. IX.Fb.D) 

NKlIb (1.736) PNU(66).YUb(66).PHU(14I).YD6(141).FNU(l<)b). 
6T06(l%6) 

73b continue 

NKITE (1.734) 
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€-) o o r) 


1 


1SH (-UKrttl u/" nf»b TO STUKfc OUTl»UT ON MAC TAHE,*/ 
»*. OtMtKMbfc ItPt 
KtAU U»*) blUNb 
lhibtUHE.bU.>t) (iO TO 60 

6IUKtiNF0KMAlI0N ON MAC TAMb, 


NULE e JUtEU) - NFU.E 
IKNULE.Lfc.O) NHLt 8 NFiLE. - I 
CALL MlAKtl6,NFiUfc#ftl 
NFil.6 8- JFlUbU) 

WKITt (6, Til) NOATfc 
WNilt 16,731) U 

•VKilt 10^73^) JFlLtUJ ,NblN6,NfeN6B,MM00t»NM00E 
«KlU (6, 733) AFtK,FMAX,FKfeU.,STEHN,6lfcKF 
HKlIb (6,733) EMNM6,U6,GA1N,BNU, (OAH 
WMlb (6,734) 

731 FUNMAT(4(|A2) 

732 FUKmaI ( 312u,21t) 

733 FUKMA) (6b2U.7) 

734 FuKh*U" (hib K6C0H0 INTENT 10NAI.I.T LEFT BLANK") 
CALL EXbC(2,6,AMlKE,2046) 

CALL fe*fcC(e,B,ALKLT,bl2) 

c 

ENU FILE 6 
ENU FILE 6 
CALL PTAPE(6,-3,0) 

60 CUNUNUE 

1000 continue 
HEnInu 6 
STOP 
ENO 

« 

C 

LI6T ENU *•** 
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Appendix A2 

COMPUTER PROGRAM FOR ACOUSTIC POWER- ANALYSIS 

The computer program PIPES was used to perform the acoustic energy 
analysis. PIPES is a FORTRAN program written for use with the Hewlett- 
Packard UP-2100A computer.. 

The computer program first reads_the acoustic pressure frequency 

spectra, of the (0,0), (1,0) and (2,0) modes from magnetic tape. 

These spectra had previously been obtained using the instantaneous mode 

separation technique and. computer program PIPE. .The required fluid dy- 

namic information (P .,_T , M. and-.jn) and aa estimate for the level 

amb o 1 

of the (1,0) mode at 6 KHz were input through the terminal. The 
program then calculated the necessary fluid dynamic parameters and modi- 
fied the pressure spectra to eliminate the influence of the (0,1) mode 
and approximately separate the (1,0) and- (3,0) modes. The modal 
acoustic power spectra were calculated using the physical energy weighting 
function and a slug flow approximation to the mean flow. The acoustic 
power spectra of the (0,0), (1,0), (2,0) and (3,0) modes were tlten 
displayed sequentially on the oscilloscope plotter. The spectra and 
integrated results were stored on_a floppy disk and listed on the line 
printer. 
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fin,l 


c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 


HKUbKAM HlPtb 

7 /ia /77 


t« KtKbCHtN 


C 

c 

c 


Ihl^ PHOUKAfH CUNVEH! S-JiUUAL PHtil^UKt SPECtKA. lU 
MUUAL PUwtK aPKtCTM, CALCULAltS MUPAL PUAtK. 

PAKA«tlbK3 ANU PUgid KE5ULT3 UM THfe aSClUOfiCUPE 
PLUllbK 

• tittN PKtViUUSUt UfeTbKMlNfeO A 5T0REU UH 

•PlPt TAPE* BY 3UUPCE PPOUKAWl PiPt 12/3/77} un 

CUMMON AUPUT 12b6) # IPTH3JUaj ^.IXY 12b6) , YUBU3B] » 

> AMl,.«,3HACH»P3rUUI^» 

inirv,’'*r *? . IU*ttUOJ ,UNt4iuJ ,MF1LE13J , 

AUBli),GAli>il3j,ANU(4) ,AINriA},PH5ii^U4},PUWilYf l«). 

AHCk t<*> »hLUl37 #PME3S(7) >PUmi5(7) « tP C7) »1PF(1} 

OAU iUliU/2M« /,1FF13)/8H / 

CALL UUCl£iabISC»i) 

"t<nt Uf«> 

» fuKMAt C//» INPUl THE DATE") 

NtAU U>«0 ^UAIE 
9 eUKhAt (40Ai»X. 

ItKH 8 u 
KbniNU d 
WULt 8 I 
Id HKitt U> lU> 

tW ^0*<M*rl//'' PUr,fcH FLOW CALCULAUUN*//" f YPE Iti* 

I#* 5>00«tt 'KTPfc fAPE' HLE NUMbbNS FUH (0*0),U»0)V 
i* AwU UiO) Moots**/, • ‘-I* TO STOP*) 

HtAOU.*J MKlLtU),MFI.LEli),MHLtl3J 
IF (MFiLtUJ.Ll.U) BO Ta TVOO 
wHUk n,uj 

“ Kt!!J*[lI/ru%maFM3r"‘'“ PCOPPY, It, <F*f«l*«) 

J FUnMLi liAiJ 

HtAO OAIA FKOM MAa_UPt,. 

00 la l8l,i 

NFlLt 8 MHlLU) • NFiLt 

IF IrtF iLt.Lt.u) NFILE « HFILt • 1 

CALL HlAHtl»,NHLt,U) 

WtAu ie,lb>lUAtt 
wtAU (d,lV)lA 

HtAO (e^ lb) IF lLt,Fltl(HS«FltNStt,MMOOt,HMU0t 
KtAU IS, id) AHtH,FMAM,F'WEU,kTtHH,tTtNP 
HtAW tb,lfl)bMKH8,0ba),8A|N(l),#W0,1kAH 
18 FONMAt(«UAa) 

U FUKCiAt (ilau,£ll) 

1« FOKHATittao,?) 


lAO 


3 


CALL eUHcU>»U(^) 

CAl.L tAtCU»t»>AtPLI»bUJ 
ou s» ixsi.e^b 
3U AUKfU B AUPUTUX) 

C 

C CHtCA iHXr PKUHtK OATA HA8 ttfctN KtAU IN 
NUtk = lULt 

It- iMFiLkUi.tU.XFItk) (iU 1U bO 
C 

C TnlS DKANCH kNUKbU UMLT IF DATA kHRUK UkTkCTEO 
«b Miillb U>«7) MFlLkU) 

4/ FUKMAII//"UA1A kKNUH UtUCTbU IN NkADlN6 Fltk 

XkNN = X 
C 

C NUKMAL PK08HAM CONIXNUA^UUN 
C nNXlb UUT UOCUMbNI Al XUN 

c 

b(l nKXItUX»bX)XFXLtrXUATk>:A,Ul>(l) 

bX FUHNAU//"FXLE X3i/»40A2,/,MttA2,/**SPL s«,F8,2,« OB") 

C 

XMXkKM.bU.l) 6U TU lotto 
1^ CUMXNUk 
C 

C THX8 X8 A TkMPUKAKT FIX lU CUHKkCT EHKOK IN XNRUI OF. 

C FXLt NUNBtK 17S 
C 

IF lMF14.k(U,Nt,l79) GO TO 42 
bu 40 XXsx«2bb 
40 AUXatsAUx.U/lOO.O 
CUNtXNUb 

C CALCULAlk NtCkbSANT FLUID PKUF'ENTUS 

C 

C APUM CUNtAXNb CUNVbHSXONB 10 GIVE THE ACOUSTIC PUHbK 

C htLATXVk tU lOfc-12 WATTS. FLOwPUW GIVES tWE FWOw 

C PuntK IN WAI fs. 

C 

C 

WNX IbU.bb) 

Sb FuKMAT t." INPUT VALUES uF PAMS. TEMP. AMI » W ANU SPL ESTIMATE"/ 
2" FUK 11,0) MUUL AT bXMZ") 

NEAU U,*) PAMo,T,AMI,n,8PLUl- 
llsil ♦ 4bO,b)7W.O ♦ 0,2t»AMX«*2) 

AX=4'<.J)2«SUKUtX) 

UX2 B IAMX*AI)**2 
PUN s lb.b4O«lw-0.Ul) 

P s IJ>AMS ♦ PUN) ►70, 729 • 

KhU s P/(b3.ib*(.l ♦ 4*j9,b)) 

AU B 49.02*SUHI(I ► 4S9,b) 

FLPUW s n*uX2/47.4S9 
HAtNU s 0.1t>94 

APUn B 25.898* (N2X:HU*«2)/(KHUtAU) 

UUn s n/ iHHU*3.141b*RZENU«*2) 

AMACH s UUN/AU 
C 

C CALtULATE parameters NECESSARY FUR DETERMINATION 
C UF MUUAL SHECXRA. 

C 

C 

ANU(1)» 0.0 
AINTU) * 1.0 


U1 


c 

c 

c 

c 

c 


c 

c 

c 

c 


c 

c 

c 

c 


anuu) s l.dai 
AXinuJ S-M ./05 
AwUU) 8 

AIM li} s U,b-714 
AWU14J 8- 41,^01 
AiiMlCn) s U.<«900 
UO isi,4 

UU 6U 

feO HUrtll*,X) S 0.0 

UU ti>‘^ XASi^,2^D 

6& H<UUX)86000.0*(1X-25)/285,0 


*PPH«»l«AULt StPAWArE toa) 

HLU 8 iA Cl<J6#.X) ♦A ( 167 > X) tA C16®# DtA.1 16V» n 1/4 o 
I'UU a lAl20b»UtAl206»U*AX20?, J)tA(2y8,|) W 4 *n 

PLUUaaiu,y*ALOUT(HU0) '«*' ♦ t»hcW8» 1 i i <a,Q 

HUUyuaiO.OtALUbT U*UOJ 
UU 00 1X819U.2U4 

♦ puooB)/io.o)- 

70 AUA,AJ a A(1A,2) 

Put a l*(i01»2J*At202,2)*A(203.2)9Al204U2Jl/« 0 
PLlU08U»,U»ALOUI IPU) .'‘''^»«^»*X«50«»^2XX/A.O 

UU tb U a 20S,2S0 

7b AUA,2J a lo.OAAUUPLUl - P4.lO«J*(ix-2«bj/<i5,o + PUitM»)/iO.«) 
— CALCULA?t HOwfek SPECTRA, 


UU 90 iai,4 
OU 90 IX83i,2bO 

l^KU.UXJ-^tRa)J 09*09.00 
00 UAMMA a O,2O3»«2tKO»PRw.UX)/A0 

UU lu 

as AiXA^l) 8 g«U 
sg cvt^iXNuti 


ll'ilfeGHAlt PKtUSUKE ANU POlflffeK SPUCTHA* 


|gg 


uo 


PaPLN 8 u.g 
PttPU« 8 u»g 
UU lUU 

POKLN a PsHtf* ♦ AUX,n*E 6 . 0 fc 7 

HnRtR a H«HLR ♦ POH UJl* I ) A 20.007 
UO Uu lai,*, «•♦••* 

PKOiM(i) a u.y 
PUfilM U) a 0,0 
UU ItO iX8i2,2bO 

PRoiMU) a PKSXRTdi ♦ AtlX.l)*2i> ok? 

POWINIU) a PUMINTU) ♦ POMUX*I}a24.oo7 


U 2 


o r: r: n n o rj n o o n r> 


tM'f'L s HapuN/ 

OU l^U 

lav bPt-lij s PUAlMm)/ULPUn*I(i..0«*-12J 

tH-1. s tKPUJ ♦ ♦ thPUi 

Pi>PLU 0 s u>.y.»ALOliUPSHUf«) 

PAPLUB s ig.y»ALUt»UHAHL«) 

Uu liy isi,4 

PKWB-U) s lo.yAALUlil (PRSIM U)} 

13V POAUOU) 8 lU.U*AUUliUPUWlM li)) 

PpalUl 8 PKSiNlU) t PRSiNUZ) ♦ PH8lNU3)*PMJ»iliT(«) 
KUaIuT 8 KOaINUI) ♦ Pl)AlM(i) ♦ P0hiNt(i)tP0AtNT(4) 
P&IUUB 8 lO,0»Atyi»UPKSlUTJ 
PaIoub s lO,y»ALUyUPOwTOt) 

PaIUPL s PKSTUUAKOh*U.O+A»ACM) 

PTPLUtt 8 U),0*ALUGUPriIUKU 
feFFIKU 8 HaIuPU/IFUH0h»U1.0**U} 


NOW PUUl &PtCTKA ON OSCIULUSCUPt PLOTIEK 
UO 700 


Ptl OP SCOPt 'UKAPH PAPER* 

M0K170MAL AXIS IS FREUOtNCT PLOntO LINEAKLY I 0 TO 80V0 HZ 1 
VtKliCAL AXIS IS POWER bPECTRAU UtNWTT PLuTTEO LUCAMlTHMiCAULT. 

FINO FiAXlhUM SIGNAL ANO SCALE BKAPH ACCUROINBLT, 

POaMX s POAUa.I! 

00 SOU 

Ir IPOAU, li ,01 .poaMX) PUaNX 8 PUN(Jrl) 
boo COwllNOb 

OOMAX 8 lOKALOOl (POWMX) 

NsLALt 8 llAl IUBMAX)/10)«I0 ♦ 10- - 
NOAIN s MSCALE - 20 

buO YoaIn s ^.0 

CALL bE lUPn,IPTUU»IPTU3500)»i300«iSTA) 
call xAAlsi2b,2SS^2,20) 

CALL XAXlSUb^2bb,2.,2bb) 

CALL YAXISl2b>20«2bb»2) 

CALL YAXiM^bb.ZO.Zbb,^) 

00 blo L8U9 
A 8 3-L 

lYlIC * Ii2. 4K*S*YGAIN 
CALL XAXIS(2b>2Vf UIYUC) 
blU CALL XAXISi2b2^2bA»t»lYTlC) 

00 bib L8t,b 
IX 8 2b. ♦ 57.b*L 
CALL IAxlSUX,20»2i>I) 

CALL YAXlSUX»2b2»2b4»II 
CAUL COOL 
wNilULlNE»bl2) L 
bI2 FONhAMltl 
IX 8 IX > i 

CALL GTLIN(IX,S,1.INEi- 1) 
bis CowtlNoi 
CALL coot 
NR;*E(LlNb*E2I) 


14T 


fcei.>OhMAU*OB'‘) 

CAtU SlLlNltt«ii<l^»LXNe«*2) 
bU ti'i Usi,S 
ti s NUAiil ♦ iL>i)*tU 
H s ♦ XL>i)*lV*YbAlN 

CACU CuUb 
NKilUUlNt#62«) N 

624 t>UKMAICU) 

625 CAUU SlUlN(3*il«tINfc«-3) 

CALL^ CUUb 

nrii iULlwt»62»J- 
629 mxMAl 

CALL BlLlNC149>2*LlMi«Ti} 

MtMOU s l»l 
CALL COb£ 

NKUb (Ll«it»l>29) MfcMOU 
92S f'UHMAX HUUE POllEK*) 

CALL SlLlNUVf240»LIN£*>lii) 

C 

C NUn plot I he SPbCTMUM 
C 

UU t><iU lASl,^tt6 
ruoUA) s 0. 

64tt IITUX) = u 

UU oBU ixsi^,^bu 

it- iPUMllXfi) .Lt. U0E'1«) Gb tU 694 
TUUUX) s lu..*ALUGUKUKax,U) 

IT s li2. ♦ YUAlN*lYOBUX)-NUAiN) 
ih UY.LT.20) UU iU 694 
CALL idlHiniX.IT) 

UYUXJ a it 
690 CUHilHUt 
C 

C 6UK AUU PSbuuU'CUNHbCUwU LINES SO SHECTKA PLOT APPEAK8 CONrXNOOUS 
C 

690 UU 69S ixaii,^4tv 

lYMl = lltllX) - I 
if UYi*>J.LT,. 20) UU TO 695 
19 a MliN4UlT(iX-t),UY(iX«U) 
iP U9.LI.2U) iba«V 
It- UU.Ut.iTMU GU TU 695 
CALL YAXibUX, 19, lYMi«2) 

695 CUiollNub 
C 

MHilLU-*69l>) NtNuO 

696 TUnmAK//,* (",U,",0) MUUfe HAS BEEN CAUCULAUO** 

2" net A *1.' lU CONTINUE,*). 

LALL USPLY(t,0,4) 

HbAUCl,<) iCNI 
CALL USPLT i«t,0,0) 

TOO CUHtlHUt 
C 

C List UUIPUl UN line PNiNitR. 

C 

nxi lt(6, 1695) 

1695 t-UNnAU*l",//«25X,*~ MOUAL PONtH ANALYSIS*) 

AHi tb (6, 1 Too) HUA1b,lA 
1704 l-UNhAI 1/,1<IX,«|0A2,//# t«X,44A2^/) 

NNi Ibl6, 1745) AMi,H,ANACH 

1745 FUKHAU20L,* INOICATEU MACN NUMSEKi ■,78,1./, 


n a n n n 


iiU,* H.OM K«lt » 

i«U»* MbAr« FUUA MACH NUHbbKI 
nRiit(l»,l/lU) H«taUb»HSFUUU, iHKbubUJf lAltHarSt'LUl 
Wlb FUnMA) lUTAU ACOUbUC HKlbbUNt > 


livx. 


ACUUSUC PKbS.(200-2100M3) 1 

*-,FS.2," 

iw*,/, 

210X, 


(0,0) 

NUUt 

ACOOSIlC PKE8. 

t",FB.2,* 

USF^,/, 

iiax, 


(1,0) 

HUUli 

ACOUSTIC. PNES. 

J«rFS.2,» 

US*,./# 

olox. 


(2,.0) 

HUUh. 

ACOUSTIC PKtS. 

»SFS,2,» 

US*,/, 

bibx, 


(3,0) 

MUUl 

ACOUSTIC PKES. 


OS*,/, 

blex. 


(1,0) 


SPL ESI AT bXHIl»,FS,2,'* 

US*,7) 


AHlTblb, 17Lb) HoTbUbf HtFUUbiHwHLUb* CPUHUb(l) > i«l »4) 
lllb FunMATUVX,* lUTAt ACUUbllC liUrttK - •,/, 

UVX»" tXACT* 0U*»/» 

PUANb HAVE A88UMP1UW1 

blVX^.* ACUUSUC HU»»tH(2UU-bJWU«ZJ 0b"»/* 

AISX," IU».0J MUUt ACOUSTIC POHfck 08S/» 

W9X," U,UJ MOOE ACOUSTIC F0r4tK OB»»/» 

blVA," (^,U) Moot ACOUSTIC POntH f.FS.Ei* Ol»S/» 
71SX," li,M) Moot ACOUSTIC KOHtk Ob*»/J 

HKl Ifclo, l/^OItFF^ rtPPTPLftPFPU 
1720 FuKwAIU<*x,* UVtNALC tFFICltNCT 

lilX,"tXAClA *,tU.A,/, 

2ifiX,”KLAi4k HAVE ASSUMPTlONi- 
StSX," tFF lCitNCYl200-2I00hX7J",tl0.<O 
00 1/26 isi,tt 
10*1-1 

nMllblb,l/2b). lOiEFFdJ 

l/ 2 b FOKMAtUiX," (”> 11 >%U 7 Moot bFFlClbNCYt*itll.A) 

l/2b tUHllHUt 

NKltt(b,17iU) IMF lUbU} ,1*1*3), (IFF U),l*l,3> 

1730 FUHMAU/,)2X,'' OATA SOUNCbt PlPb TAPE FICES *,I3, 
l",",13,» ANO ",13,/, 

212X," 0A1A STUKAUEI FLOPPY DISC FILE *,3A2,/, 
«12X," SUUHCt PhoUKAM I PlPtb (7/2S/77)*) 

blUKE IMFUHMATION ON FLOPPY DISC FUN LATEH 

NEioKN TO MAC Tape. 


CALL bOPEN 

C*LL OnNl I LNOATb,00, IFL) 
Call OnNlIl lA, «U,1FL) 
CALL-OhnIUFLO, b,lFL) 
CALL UHKl I (P rESS^4 A, IFL) 
CALL OhHIUPOhS, 1.a,1fl) 
CALL UHNIK EF, 1A,1FL) 
Call UHAITIA, 20o«,IFL) 
CALL UANlUPOH,200tt,iFL) 
CALL OHNlTiMFlLE, i,lPL) 
CALL OnNIIUFILE, A,1FL) 
CALL UCLU8UFF,«1, IFL) 

C 

CO TO 13 
C 
C 

1000 CUNllNUE 

CALL EaEC(25,1018C,1) 

HEHlNO 0 

btuP 

ENU 


US 


Appendix A3 

MODAL PRESSURE AND ROWER SPECTRA- 

This appendix contains the modal pressure and power spectra at all 
experimental conditions far which data were obtained. The spectra- have 
been normalized to a bandwidth of 1 Hz (afjter' being averaged ove r a 
31.6 Hz bandwidth), as discussed in Chapter 3. 

The following symbols were used in plotting the modal pressure 
spectra: 

(0,0) Mode: -err — 

(1.0) Mode: • ■ ' 

(2.0) Mode: g 

The following symbols were used in plotting the modal power spectra 

(0,0) Mode: — e O 

(1.0) Mode: ' 

(2.0) Mode: 

(3.0) Mode: M ' g - . 
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Fig. A3-1. 12.7 mm dlanieter orifice 
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Fig. A3-9. 19.0 mm diameter orifice (— 

* 0.492, - 2.45. ^ 
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Fig. A3-11. 31.8 mm diameter orifice 

M. ■0.500, f ■ 1.49. 
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Fig, A3-16. 50,8 mm diameter orifice 

- 0,187, f - 0,356, “ 
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Fig. A3-32. 


Background noise measured with no restric- 
tion in the pipe, m ■ 0.249 Ibm/sec. 
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Fig. A3-3A. Background noise measured with no restric- 
tion in the pipe, m ■ 0.124 Ibro/sec. 


AppiMulix A‘4 

r.MUM.ATKn |•K^KK 1 Mr.NTAl . RKSIM ,'IS 



Table A4,l 


12.7 mm Or it ice if. ^ 0. 1 31) 


(ft/sec) 
m Ubm/sec) 


.0368 .0615 


.918 

964 

.0818 


Ke a t'.U.»l/u. 

11 i 


1.53x10 2.49x10^ 3.19x10' 


3.98x10^ 4.83x10^ 


upstream (in. Hr) j 35.77 44.32 52.72 


63.97 78.57 


(»F) 


f - U, n/a d 
r i o 


Acoustic Pressure (db 
Total: 

200-2100 Hz: 

(0,0) Mode: 

(1.0) Mode: 

(2.0) Mode: 

(3.0) Mode : 


110.9 I 124.1 

106.0 i 118.2 


107.9 . 121.5 

105.6 I 118.3 


103.2 j 115.4 

I 

97.1 I 112.1 


130.9 

124.2 

128.2 
125.0 

121.9 
119.7 


136.8 
129.4 

133.9 
131.3 

127.6 

126.7 


141.7 

133.7 

138.5 
136.3 

132. 5 
131.9 


Acoustic Efficiency 


Total: 


200-2 lOa Hz: 


(0,0) Mode: 

(1.0) Mode: 

(2.0) Mode: 

(3.0) Mode: 


2.53x10 ' 

1.56x10 

: 3. 73x10"^ 

2.18x10 

1.20x10"^ 

5.50x10 

1.86x10"^ 

1.18x10 

4.80x10“^ 

2.76x10 

1.63x10"^ 

7.96x10 

2.90x10"® 

2.61xlo' 




3.92xlo“^ 8.89x10"^ 1.69>vlo"^ 


5.42x10“^ 1.25x10"^ 2.39x10"^ 


1.16xl0“^ 2.25xlO~^ 3.79x10"'* 


2.94x10"^ 6.33x10“^ l.l6xlo"^ 


7.13xlo"^ 1.89xio“^ 3.87xin“^ 


1.88x10"^ 4.31x10"^ 8.87xl0"^ 


8.05xin“^ 2.35 lO"^’ 4.95 lo"^* 










; Ac Oil St i 0 I’jv ssu ro (dB ) 
■ To t a 1 : 

JOO-JIOO H;;; 

(0,0) Noilo: 

, (1.0) Mode: 

; (0,0) Modo: 
j (^,0) Modo: 

i 

Ay oi i:ri-tctonov 
Total : 

riano Wavo Assumption: 
000-0100 11;*,: 

(0,0) Modo: 


1 10.0 
lOb.8 
107.5 

104.4 

101.4 
95.7 


M7.;l I 151.5 


113.6 

114.6 

111.6 

109.0 

104.1 


126.7 

108.9 

125.; 

103.: 

119.: 


1 38.6 

144.4 

132.7 

137.6 

135. 1 

141.5 

132.8 

138.6 

1 29 . 7 

135.8 

127.3 1 

133.9 


1.94x10 ^ 5.06 x10“^|3.52x 10 
0.74x10 ^ 7.08 x 10'^ U.92x 10 
I 1.30xlo"‘’ 3.O9xl0‘‘’il.6IM0 

' j 

j 1.53xlo“‘' 3.92xl0"^i2.7lxl0' 


I 7 ’ ‘ 

;1.00xur 8. 1 lxl0‘^ L5.74 x10‘ 

9.13xur'’ 0. 68x10'^ jl.8bxl0‘ 

i 1.80x10“^ (>. 19x10“^ Ls. 00x10' 


9.57x10-^ 2.02x10“^ 
1. 30x10"^ 2.84x10"*’* 
3.40x10“'’ 5.88x10" ’ 
7.17x10“^ 1.46x10"'^ 
1.77x10“^ 4.01x10"'’ 
4.54x10“^’ 1.1 lx 10“’ 

1 . 76x10"^ 4.74x10~*’ 
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, 8 mm 1 

i^o (“ = 0 

127) 



.149 

1 .277 

.397 

.300 

r . (ft/ soi' ) 

169.4 

312 

442 


• 

m (Ibrn/sec) 

.Ob'.? 

.127 

.192 

.237 

Rc = 

l.lOvlO^ 

2. 16''10^ 

3.22x10"* 

4. 24x1 o'* 

up si roam (In. Hg) 

30.88 

33.33 

36.01 

39.23 

(“K) 

780 

76* 

■ 

74*’ 

74“ 

1 = U.D/a d 

r 1 o 

0.4S‘) 

0.841 

1.19 

1 .4^1 

Av'vnist ic Pros sure (dlO 




1 

( 

1 

To t a 1 ; 

86.9 

106.0 

117.9 

123.3 ; 

JOO-JIOI) H;-.: 

8'). 9 

104. 3 

1 15. 3 

122.8 1 

(0,0) Mode: 

86.0 

104.3 

113.9 

1 

123.3 

(1,0) Mode: | 

1 

77.2 

1 

’ 98.4 i 

111.0 

118.9 

(J,0) Mode: ^ 

73.8 

^ 9 3.4 I 

108.7 

116.6 

0,0) Mode: 

1 

70.3 

1 

' 90.6 ! 

104.2 

112.9 

AoiHist io Id t lo Ionov 

I 


1 


To 1 a 1 : 

1 

7.t)Sxl0“''^ 

8.36>l0"^i 

» 

1 

1 

1 .03x10“"’ 

i 

Plano Wavo Assumpt ii>n: ! 

8.72MO"^ 

-6 ! 

l.O/NlO 1 

-(J 

3.22M0 ' ; 

1 

1 .4 3x10“'’ 

J00~J100 Hit: 

1 

6.9b>.10“^ 

1 

_ 7 1 

7.24V 10 j 

3.02M0“‘’, 

7.61x10“‘’ 

(0,0) Mode: 

7.17xl0"®i 

1 1 

|7.61M0“^ j 

3.30xl0"‘’| 

H.6lxl0“‘’j 

(1 ,0) Mode : 

1 -9 ! 

j3,43MO ^ 

1 ^ O 

6.84M0 

4.29\10~^ i 

1 .31x10“”! 

(:,0) Node: 

1 

1 .03^l0~‘^ ! 

\ 

<^8 ! 

2.13MO 1 

1 

1 .48x10“^ ■ 

4.40x10“*' 

0,0) Mode: I 

3.S1M0"*® 

-9 1 

3.28x10 

3.89x10“”! 

1 . 38x10“^ 



1 1» A4 . 4 

50.8 mm Orlfiiv = 0.523) 



.101 

tv. : . a. 1 j . , 

. 150 

1 .187 

.225 

- . . 

^ J ( f t / soc ) 

109 

170 

212 

254 


n* (Ibm/sec) 

.122 

.191 

.247 

.306 


Re = Ojlljd/u^ 

1.24x10^ 

1 .92x10^ 

2.43x10^ 

3.06xin^ 


upstream (in. Hg) 

33.29 

33.38 

34.31 

35.61 


(*F) 

75* 

76* 

79* 

76* 


f,. - l’,D/.a^,d 

0.184 

0.287 

0 356 

0.428 


Acoustic Pressure (dB) 






Total : 

87.9 

95.9 

101.1 

106.2 


200-2100 Hz; 

87.3 

95.4 

100.2 

105.1 


(0,0) Mode: 

87.4 

95.4 

100.3 

105.3 


( 1 ♦ 0) Mode: 

74.0 

84.0 

91.2 

97.3 


(2,0) Mode: 

/3.1 

80.1 

86.8 

92.9 


(3,0) Mode: 

72.2 

77.9 

84.3 

90.-6 


AiH-mis y^c E f f Ic iency 






To t a 1 ; 

1.16x10"^ 

2.10x10“^ 

3.21x10“^ 

5.61x10“^ 


IMane Wave Assumption: 

1.25x10“^ 

2.27x10"^ 

3.63x10"^ 

6.54x10*^ 


200-2100 Hz: 

l.llxio"^ 

2.00x10“^ 

2.97x10“^ 

5.07x10"^ 


(0,0) Mode: 

1.13x10"^ 

2.03x10"^ 

3.04x10“^ 

5.22x10"^ 


^ (1,0) Mode: 

1.90x10"^ 

5.09x10"^ 

1.32xlO~^ 

2.94xl0“® 


(2,0) Mode: 

1.12x10“^ 

1.51x10"^ 

3.32x10“^ 

7.31x10"^ 


(3,0) Mode: i 

b. 59x10"^° ( 

6.45xl0‘^° : 

1.32x10“^ 

3.01x10"*^ 


L'. .t ^ . . ... 


_ _ 


Kir qual f f fcations of the 50.8 mm orifice* data see* Sections 3.6 and 3 7 
of Chapter 3. 
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Tab 1 o A4 . S 


lo.J mm No 2 z 1 o: Thi*oat Ratio ~ I 

(" - O.lb?) 


«1 

.394 

. 500 

. . I 

.752 

.917 

1.12 

I j U't/soo) 

442 

55t) 

813 

9b7 

U3b 

• 

m { 1 bm/ scv' ) 

.0741 

.0944 

.150 

. 191 

.251 

Ri' “ 


2. 02x1 o'’ 

3.2bxlo’’ 

4.20x10-'’ 

5.58x10-'’ 

‘V upstro.im 

34 . 30 

3tJ.83 

45.93 

54.9 3 

70.33 

T, rF) 

8 1 

8P' 

81® 

82® 

81® 

I = l!,D/a vi 
r 1 o 

2.32 

2.^2 

4.27 

5.07 

5.98 

1 

1 

1 At'oust ic Prt^ssuro (JR) 



, . 

1 

\ 

\ 

\ 

1 

1 

1 


Total : 

lll.O 

118. b 

1 

1 

132.0 

1 

138.4 

145.2 

J00-:U)0 H.-: 

107.7 

114.9 

127.2 

1 

1 32.8 

138.2 

10,0) Modi' : 

108.3 

115.8 

129.4 

135.8 

142.1 

tl.O) Modi' : 

104.7 

112.4 

123.5 

: 132.3 

1 39 . b 

U.O) Modi': 

10 3. “i 

111 . 1 

1 

124.2 i 

1 

1 

1 129.7 

I3b.b 

t-l.O) Modi': 

97. 1 

1 

105.3 

1 

119.5 

I2b.7 

134.9 

. ..j 

1 

Ay oust lo Kit' i o iono^* 




1 


Total : 

2.00^10"*’ 

5.b4x 10“*’ 

3.70x10“'’ 

8.9 7x10“'’ 

2.24xl0“‘* 

riane W.ivo As sump lion: 

2.90x10“*’ 

8.2lxlo“*’i 

1 

5.21x10“'’ 

1.24x10“'^! 

3. 20x1 0“'^' 

JOU-JlOO \\AI 

1 . 38x10“*’ 

3.55xl0“*’| 

-5 

1.75x10 

3 . 4 Ox 10“*’: 

b. 15x10“'’ 

iU,0) Modo: 

1 . 59x 10“*’ 

4.39x10“*’ 

2.88x10“"’ 

b. 8 2x10“’’ 

1.58x10“^ 

tUO) Modo: 

2. 77x10“^ 

8. 57x10“^ 

5.b4xl0“*’ 

1.57x10“ ’j 

4 . 84x 1 0“ '’ 

Modi' : 

1 .13x10“^ 

1.25x10“^ 

2 . 08x 1 0“*’ 

4. I2xl0“*’l 

l.2bxl0“'’ 

( M)) Nodo; 

1 .‘<8xl0“^ 

(1 . ti4x 1 0 *^j 

- - ^ — — a 

5.24x10*^ 

1.5 1xl0“*’j 

5.79x10“*’ 


18(1 



Table AA.h 


U>.2 nun Nozzle; Tliroat Length-to-Dlametcr Ratio * 8 


» 0.167) 


.398 

4A5 

.0710 


.501 
555 
.089 7 


1.58'<10^ 2.02'<10^ 3.33>10^ 4.2Sn 10 5.96'»'l0 


fo u„»trc.« 

n;, OK) 

ft ■ 


Ao oiust l r^reHSur e (88 ) 
To t a I : 

200-2100 Hz: 
t0,0) Mode: 

0,0) Mode: 

(2.0) Node: 

(3.0) Mode: 

Aeoust Ic r.t t U’ 1 enc V 
To t a 1 ; 

I’lane Wave Assumption 
200-2100 Hz: 

(0,0^ Mode: 

0,0) Node: 

(2.0) Mode: 

(1.0) Mode: 


34.33 

77* 

2.35 


36.77 

77* 

2.93 


46.27 

77* 

4.32 


55.37 

78* 

5.12 


110.7 

107.7 
108.2 
104.4 

102.7 
96.0 


118.0 

131.5 

114.5 

126.8 

115.4 

128.9 

1 

111.8 

125.2 

110.0 

j 123.3 

104.2 

j 119.0 


138.1 

132.4 

li^’.a 

132.0 

129.1 
126.7 


74.77 

77* 

6.19 


146.0 
138.6 

142.8 
140.4 

137.1 

135.9 


1.98-'10"^ 5.3O10~^’ 3. 4010"'^ 8.63x10 2.50x10 
2.78x10“^ 7.55x10"^ 4.76xl0"‘* 1.19xl0“‘* 3.55xl0‘ 
1.40xU)“^ 3.41x10"^’ 1.61x10*'’ 3.21x10*'^ 6.59x10’ 
1.60x10*^14.19x10"^ 2.64x10*’ 6.52x10 1.73x10 
2.65x10*^,7.81x10*^ 5.32x10*^ 1.54x10*'’ 5.54x10 
9.98x10*^ 2.79xl0”^ 1.83x10 4.14x10 ^ 1.41x10 
1.68x10"^ 5.65x10*^ 4.84x10*' 1.62x10 6.86x10 


Table A4.7 


3.18 on Nozzle ■ 0.0327) 


' ■ ■ * • * * » * ’ a * * r »T» ».-« 

«1 

.500 

“5| li. X 

.750 

; T~sr=X ^ 

1.00 

Uj (ft/sec) 

553 

807 

1037 

• 

in (Ibm/sec) 

.0036 

.0054 

.0074-- 

Re » P^U^d/p^ 

3.80x10^ 

5.96x10^ 

8.45x10^ 

upstream »8> 

35.21 

42.59 

54.64 

(*F) 

74* 

76* 

76* 

fr ■ 

15.0 


28.0 

I Acoustic Pressure (dB) 




To s 

87.8 

98.7 

106.4 

200-2100 Hz: 

81.4 

90.6 

97.5 

(0,0) Mode: 

85.1 

96.0 

104.0 

(1,0) Mode: 

82.6 

93.4 

100.6 

(2,0) Mode: 

78.6 

j 

89.4 j 

96.9 

(3,0) Mode: 

73.0 

85.9 1 

94.0 



i 


Totals 

1.37x10“^ 

i 

5.23xl0~^i 

1 

1.41x10-"^ 

Plane Wave Assumption: 

1.89x10“^ 

7.23xlO"^i l,90xl0~^ 

i 

200-2100 Hz: 

4.36xl0~® 

I 

1.13x10“^ 

2.46x10"^ 

(0,0) Mode: 

1.02xlo“^ 

3.89x10"^ 

1.08x10"^ 

(1,0) Mode: 

2.76xl0“® 

1.02xl0"^| 

2.40x10"^ 

(2^0) Mode: 

5.66x10"^ 

2.38xl0“®| 

6.08xl0“® 

(3,0) Mode: 

1.38x|0“^ 

7.74x10"’ 

2.33x10"® 


Appendix A- 5 
UNCERTAINTY ANALYSIS 


The experimental uncertainties for m, U^, acoustic pressure, 

acoustic power, and acoustic efficiency were determined. The method of 
Kline and McCl Intock 1,1953) was used, since this method is appropriate for 

single-sample measurements. Using this technique, the uncertainty in a 

final result R can be obtained ffom the known values of uncertainty in 
all the independent measurands. by the expression 


6R. - 




1/2 


In all calculations to follow, odds of (20:1) were assumed for 
the 6x^ and R. 


Mass Flow Rate 

The mass flow rate, m, was determined by use of a Meriam laminar 
flow meter. The mass flow rate is found by 

m = K X PCF X TCP X AH 


where 


K = calibration constant for flow meter, 
PCF = pressure correction factor, 

TCF = temperature correction factor, 

AH = pressure drop across the meter. 


Thus the unc-ertainty can be expressed by 


6m (/6 k\^ . /6PCF\^. /6TCF\^, /6Ah\ 

~r = Ht) (-pcF/ ^ Iw) \“iT) 


2 ) 1/2 


K is determined by the instrument manufacturer and is estimated to have 
an uncertainly AK/K * ^ 0.5%. PCF is given by 


PCF 


+ P ]/ 

\13.59 amb// 


29.92 


1R9 



is , 1,0 Hu. u„oo,l.il,.tU.s 1„ U,.»o 

: 1C .0 ,o ,K. M„=.«.0, 

:: i,s.„. „ .pu.,„ v„,„o ... 

„l,iol, .'.m bo nopu-otod. TCF isfilvonby TC.-, 510/1^, • 


T Is iho Lon,|.ord,uro upatro.im ... tbv «•'■..■.■ ■""» .» ^ 

»r.:l,od by s a..a a to hovo a ■ - “• 


out 


was nomlnaUy room tcmporaturc. Thus, 


tSTCJi 

'tcf 


tST 


- 1.7 


out 


T 


0 . 6 A% 


out 


AH was nw-asarod with a slant-t.,bo »a„,«otor and varlod ovor tho 
r„,«o 0.6 ,.. 4.0 in. U.,0. H>o nnoortalnty In tho roadm» w.,s. 
■0.01 in. n.,0. .has. M/Ml r,.a„od , rom 1.?/ t . 
dao to small lovols ... U.-w anstoadln.-s. . a mlntant. valao o. .'M/.. 

0,S/. was used. 

Usln>; thoso vahios, wc have 


vSm 

ni 

m 


- <i 


.005)“ + (*00b4)“ + (.005)“ 


= Vmi 


., 1 ^ 2 
005)“ + (.0064)“ + (.017) 


0.95? (high flow rato) 
(low flow rate-) 


= 1.9% 


Tho valuos of n. oaloul.uocl using tho laminar flow motor woro com- 

„.,ood to va.aos ..htalnod nslOH tho Ltossaro dr tho orl.u-o.s. 

* . . 1 1., f hi' or 1 1 u 


tnireu to values - . , 

,ls. rosal.s asrood ... within tho wh..n tl,.- 

woro in tho prinK-r ASMl>rooommondod sizo range O.li 


1 ) 


i 

t M 1 -ileulated from the measured 

The indiraled Naeh number, M.. was ^al 

..... ratio (r /P ) assuming an i.sontroplo oxp.msion to tho mim- 

prossu.o r.itio (lo,/»i^ ^ „ U.o upstro..m stag- 

mum prossuro Just downsl roam ol tiioorituc. 

, . „ul P is tho prossuro at tho orilioo vona oonir.ut. 
natiiMi pressuti' and \ 

(or at tho exit piano of tho nor./to). ^Thu‘^’ 




!/2 


1 90 


N . 

i 


wIkti* y 


Then, 


is tin* ratio of spooiflc lieats (1.4 for air). 

6 


(SM 

T 


i 


m 


i 


< 

Tlie pressure ratio was calculated from measurements of the upstream 
stagnation pressure, P^p, and the pressure drop across the orifice, AP. 
Then 


*^01 

P. 


P . + P 
amo up 


P + P 
*^amb up 


AP 


Thus 


m 


Then, 

6M. 


‘i 


(P + P - AP)' 
up amv 




* <«''an.b>' . /6 ApV1“' 

(p ,2 *\^)] 

up amb ' 


M 


i 


2 /^OlV^^ 


(P + P . - AP) 

' Up amb 


2 ( 


l "V‘ 

( (P „ + P . ) ' ' ) 

* up amb 


The uncertainty was calculated for rwo cases. 
31.8 mm orifice, ~ 0.149 

= 29.76 ± 0.02 In. Hg 


amb 

P = 15.2 ± 0.1 

up 


in. H 2 O 


in. H 2 O 


AP = 6.5 ± 0.1 

Evaluating the above expression, we have 

6M. 


M 


= 0.78% 


i 


b. 12.7 mm orifice, = 1.235 


amb 

29.82 

± 

0.02 

in. Hg 

V 

up 


± 

0.2 

in. Hg 

AP = 

47.65 

± 

0.2 

in. Hg 
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Then 



0 .^ 6 % 


These are fairly representative cases. Thus the relative uncer- 
tainty of was always less than )%. 


U. 

X 

The indicated velocity is calculated from the perfect gas relation: 


= /yR T^ 

Then 



was measured using a thcrmocoupl 



2 T 

o 


appears to be the largest of 

T, iSM. 

-t 

T ' M , 
o i 

wc have 

6U. 

'u. 

1 

Acoustic Pressure 

The microphones were calibrated 
tainty in this calibration technique 

= 10 


>F^"i 
Vi + ^ 

t, thus 
0.0019 

low values of M^. Thus, using 
0.0078 

0 . 8 % . 

using a B&K pistonphone. Tlie uncer- 
Is less than 0.2 dB SPL. Now, 



I 92 


SPI. (dB) 


Thus, 





and 



Hn 10 
10 


6SPL 


4.6% 


Thus the uncertainty In the time-averaged mean square acoustic pressure 


was less than 4.6%. 


Acoustic Powe r 

The acoustic power is calculated by an integration over frequency 
of the expression 

IP = — (KWF) 


where FWF is the energy 
The uncertainty in values 
slug flow assumption) is 
negligible. Thus we have 


weighting function discussed in Chapter 4. 
of the energy weighting function (due to the 
less than 2%, ami the uncertainty in P^^a^ is 



Acous t Ic Hf f ic ienc y 

The acoustic efficiency, n, is calculated by 


M 



:p. 

inU^ 




1/2 


19 1 


Thus, 


n 


1(0.050)^ + (0.019)^ + (0.016)^1 


1/2 


n 


5.6% 


The worst case value was used for 6m/m. Thus ail values of 
ted in this report have an uncertainty of less than 5*6%. 


presen- 
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Appondix Ab 

WAU. STATIC rKKSSUKH PROKILKS COK THK 16,2 mm NOZZLKS 

'I’his *ippcndix i*oiua iius. wal 1 static pi-ossuro prol ilos for tho two 
l(Kl! mm no::::los. 'rho moasurcmoiUs wore made using a water manometer 
which was connected to tho wall static pressure taps through a valve 
maniloui. For details ol'-the stat ic pressure taps, see Roberts and 
Johnston (1^74) . 

The stat ic. pressure pri)files for the short no/ale (throat length- 
to-diamoler ratio o\ 1) are shown in Fig, Ab-l, The wall static 
pr^'ssuri's are normal iaed hy the jet t'xit kinetic energy and plotti'd vs. 
a nond imens ional axial length, x/tO-d), where x is the distance down- 
stream o\ the Jet <»xit plaiu’, .1) is the pipe inside d iame t I'r and d 
is t lu* noa/.le vlianu'tiM* . 'the statii' pri'ssure drops slightly just down- 
sttiMm ol the lU'c./.U’ i'xit plane, .uul t lu*n rist's rapidly as tlu' kiiu'tic 
I’tuM j'v Ol t lu' /n*l is i iHliiood liy tm lniU'iU mixiii);. "I'lio i.ipid sl.it io lu os- 
siiii' riso lovi'Is >M I ill iippri'tximiUi’ly x/(li il) ^ S, indiiMtiiip, ihiit tho 
I low hits roiit tiu-hod 1 1 ’ tho piin- Wii I I . Tho j;oiU'r;il shiipo ot tho stiilio 
prossufi' oiirvi> is not inlluonood stronpjy hy jot ox it MiU'li numhor. 

Tlio w.ill st.il i> )>ii'ssnio iMolilos iT'r t lio tonp no;'. 7 .Io (iliroiit I on>> t It 

t o-d i.inu't or iMtio »»! 8) ;iro shown in I'ifi. Ah-J. Tho ourvos lor tlio 

li'itp, norr.li' .ip.roo olosoly willt thosi> lor tho short no7/.lo. Tliis indii-.ito 
lli.it tin- oviM'.ill rinid dyiiiimio oluifiii’t or i st ios ol tlio two no/.7los iiro 
vorv si mi lilt. 

Tho di.niioti’r ol I lu’ no;'.;*. Ios Wiis ohoson to m.itoli th.it ol t lu- vi'iiii 
oontr.iot.i ol t lu> l‘).0 mm oril loo. Thus wo would oxpi-ot tho lliiid dy- 
n.imi<' oh.i iMo I t'l" i .St lo.s »'| I lu> twii no/,r.li'S to lu* siiiiil.ir to tiu'so ol tho 

I'l.O nun oril i<.i>. To olu'ok this, tlu' .st.itio prossuro prol ili-s lor tho 

two It).. I mm no/.,’.los won' oomp.irod to llioso lor tho l'>.0 mm oril in- 


A simil.ir nond imons ion.i I lonp.th w.is usod hv Itohorls .iiul .lohnstoii tl‘»/ 't) 
In pri’.'ioui inp, sliitio prossuro prol'tlos ih'wnst ro.im ol I’lll ii'os. 

I’ri'sontoil hv Rohorls ,md .lolinston kip.. p. 'i 1 . 


1 4 ') 


The agreement was excellent, contlcmlng chat nozsles and orltlces ex- 
hibit similar fluid dynamic ctoracterlsulcs when the comparison is made 
using nozzle exit plane and orifice vena contracts conditions. 


19(1 


0.07 


P-Po 


2 o i’ 


0.06 


0.05 


0.04 


0.03 


0 . 0 * 


O.Ol h 


0.00-p 


A 

□ 


A 

□ 

0 


A A AA A M 
□ □ DOO M 

0 0 0 0 0 M 


^ 0 ^ 0 o ooo 


M 


0. 00 



□ 

0 


2 J A 5 
x/(ivd) 


Kt^*.. A(»-l. Static pri'SHurc profllea for lb. 2 mm nozzle 
llhroai I ongth-to-il lamot or ratio * 1) 





APPENDIX A7 


CROSS-CORRELATION MEASUREMENTS OF THE 
HYDRODYNAMIC PRESSURE FLUCTUATIONS 

This appondix presents_moasuremeuts of the relative rms levels of 
the acoustic and hydrodynamic pressure fluctuations in the frequency 
range 200-2100 Hz. .The measurements were made using the cross- 
correlation technique discussed iiv section 3.1. - One microphone was 
mounted at the. axial location used for tlie modal measurements. A 
second microphone was located 0.25 m farther downstream. The micro- 
phones were time-delay cross-correlated. The value of the cross- 
correlation at a time delay equal to tlie time it takes for the acoustic 
wave to travel tiie distance between the two microphones gives the 
magnitude of the acoustic pressure, P- . If the acoustic pressure 
t 1 actual iiMis are assumed to bo uiicorrolatod with tho hydrodynamic pros— 
sure f luctuations, tho moan square valuo of tho wall pressure fluctua- 
tions is given by • Thus the magnitude of the hydro- 

dynamic pressure fluctuations can bo determined by subtracting the moan 
square acoustic pressure from tho total mean square pressure measurement. 

The measurements were made using two Hewlett-Packard HP3721A 
correlators, Tlie microphone outputs were bandpass filtered between 
200 and 2100 before being fed to the correlators. The total mean 
square wall pressure fluctuation was obtained from tlie autocorrelat ion 
at zwo time delay. The geometric mean of the values for the two micro- 
phones was used to di*flne the total mean square pressure. 

The table below gives the values of the acoustic and hydrodyn.imic 

pressures in the frequency range 200-2100 Hz. The uncertainty associateil 

with the value of I'r^, i« large, espei-iallv for cases where Pr . 

hvdro 

is much smaller than , since , is found bv taking the difler- 

ac hyilro ^ 

ence ot two large numbers. However, the measurements show that the 
level of the hydrodynamic pressure fluctuations was much lower than that 
ot the acoust ic pri‘ssuri' t luctuat ions. Thus the presenci' ol hvdnnivnamic 
jU'essure lluctuations diil not influenci' t lu' acoustii* measiirimient s, with 
the iiossible exception of t lu‘ SO. 8 mm orifict*. 

IHq 


Table A7,1 


Relative Levels of the Acoustio 
and Hydrodynatnio Pressure Fluctuations 
in the Frequency Range 200-2100 Hz 



















Appendix A8 


DERIVATION OF THE PHYSICAL ENERGY EQUATION 
AND ACOUSTIC ENERGY FLOW EXPRESSIONS 


This nppondix contnins d.^tails of tho derivations of the physienl 
enersy equation results. The format generally follows that used in Chap- 
ter 4. Section AS. 2 contains the deriv.atlon of the physical energy 
equation. Section AS. 3 gives details of the evaluation of >ds. 

As explained in Chapter 4. the integrated acoustic energy flux! 

/.s ^ can be separated Into two parts, and The details 

ol the evaluation of are given in Section 4.3.2 of Chapter 4, and 

hence are not covered in this appendix. The details of the evaluation of 
P,, are given in Section AS. 4. The evaluation of the source terms in 


Sot' t ion 4,3,4 of Ch.ipior 4 is nlso given 
plifii-ntion is iumhIoiI horo. 


sufficient dotnil tluit no ;im~ 


A A' t a J.IlIA Phys ical Enerav Equation 

Viscous heat conduction and potential field effects are Ignored in 
the derivation of the physical energy equation. The entropy of the mean 
How is .also assumed to he constant. Thus the acoustic perturbations 

are is.nitropic. With these restr let ions, the fluid mot iott_obeys the foL 
lowing set of equations. 


Cowi inn 1 1 v: 

+ div(pv) - 

0 

(AS- la) 

Moinonf uin: 

3V 

(' + oV • W + VP 

= 0 

(AS- lb) 

I’n.-rgv: j..( 

V-’ r 

V )| + iv| p|e + A-] 

+ p V I = 0 

(AS-lc) 

Kqns. of siott': 

P = P(P) . e = 

e(i) 

(AS- Id) 
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We first separate- the variables into mean and perturbation quanti- 
ties, i.e., P = P + p’, etc. Substituting into the above equations, 
we have (noting that time derivatives of the mean flow quantities are 
zero) 

div[(p^ + p’)(V^ + v')J - 0 (A8-2a) 

® (A8-2b) 

+ divj[(p^ + p*)(e^ + e*+| (V^ + v*) • (V^ + v’))+ (A8-2c) 

(P^ + p')J (V^ + v’)j = 0 

The mean flow quantities must independently satisfy these e quatio ns. 

Thus we have 


(P 


o 


div(p^V^) = 0 


(A8-3a) 

Oo^o • K * ’'‘’o ■ 

0 

(A8-3b) 

^i''{|po(% +t)"^ ^oJ''o| 

= 0 

(A8-3c) 

Subtracting Eqns. (A8-3) from (A8-2), we 

have 


^ + div(pj’ +p’v^ + p’v') 

» 0 

(A8-4a) 


(A8-4b) 
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+ div j j^(p^ + p’)^c’ +\, • v’ +1 v'“^ + p'J (V, + v') 

+ p^v* + (e^ + i vj)(pj' + p% + p'v')j = 0 


(A8-4c) 


At this point tho equations are exact. We next multiply Eqn. 
(A8-4a) by v’ and add to Eqn. (A8-4b) . Neglecting the third-order 
terms v'div(p’v') and p’v’*Vv', we have 


+ A (p.v') +v’ div(p^v’+p*V^,) + (p^ + p’)(V^*Vv'+v' • VV^) 


+ p v’ • V v’ + p'V^ . + Vp’ = 0 

o o u 


(A8-5) 


This equation will be used later in simplifying the energy equation. 

Now examine the equation of state. To second-order accuracy, we 
have for Isentropic flow 


pc 


= p c , + 

O 0 


9(pe) 


3p 


+ 1 OM 

' ^ *-i o 


p»p. 


3p“ 


P=P, 


Using the result from thermodynamics, de = Tds + (p/p )dp, we have 


De 

Op 


JL 

P' 


rhus» 


3(pe) 


3p 


P=P.. 


= h and 
0 


3^(pe) 

3p^ 


a 

1 

thermodynamic equation dh = Tds + dP we have »p 

2 *" 

3 (Pe) 

Which gives — 

3p‘- 


ili 

3p 


9h 3P 
91’ n') ’ 


p=p. 


a^/p . 

o o 




a ,2 

= P..G„ + h„p' + ^ 


O 0 


Thus we nave 
2 

a 

p. 2 


From the 


X, 

Now ^ = 


(A8-6) 


nccuratc to 0 (l ). 

Substituting; into Eqn, (A8-4c) and nef,lectinR terms of 


O(r^), 


we 
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obtain 




—2 

»»2v 


V) 


+ div 


}jf + [p„v' +p'V^ + P'v'] + (V^ • V) L(Po + P’)V„ + P<,v'J 

(A8-7) 


= 0 


where the acoustic energy density, f, , and the physical energy flux. 


— p 

J , are given by 
s 


c “ 2 d“ 

s 2p^ 2 


j" 

s 


^ V + p'v' 
so 


(Ad-8a) 

(A8-8b) 


Simp lx tying, we have 


3t 


+ div 


Js + (>>0 t)[^ dlv(p^v' + p'V^+^p'V)] 

^o-[' 

div|^(p^+p’)(V^»v')(V^ + v')J+ p’ div 


Po ^ + ^ (P’V) + Vp']+ V^h^ + + 


(A8-9) 


First note that the third term in Eqn. (A8-9) is equal to zero by 
virtue of the continuity equation. Also, by examination of the mean 
flow energy equation (Eqn. (A8-3c)), it can be seen that 

/ 

^ i^o + f) • '^o = ° • 

Then, using 

div[(p^^ + p')(V^* v')(V, + v')] = div(p^V + p’V^) 

+ U\, + P')V(\, • V’)j + v' *V(V^, • V') , 


204 


Equation (A8-9) can be rewritten as 

aC _p - r + (p'v*) + V* div(p„v’+p'V^) 

-:^+div j; + V^»Lp„-3T^3t ^ 

(V. • v’) + CPq+ p') '^~2 / 


7:2 


8 t 


+ (P„ + P 


I J + v’ • 


p V(V 


o ' 0 


(A8-10) 


+ p’)V(V^ • V) + 

+ p’ div = 0 

Next, noting that 

V(V„.V) - v„ V..(7XV„) . 

,,„.Uon ls-3, o.n .e u.ea .0 .Se 3n E,. (AS-10). 

giving 

- PQ^’ * 

, 0 (A?;-li) 




u 

Now we have 


div 




V . v' X (V^ V ; -r vy* 
o '^ \ 

. . V . vv . But for isentroplc 

• Pnn (A8-3b) to eliminate V 
after uains Eqn. (A» 

flow, Vh-iw. Ttais Eqn. (A8- ) 


■df, 

8 

Dt 


div j! + f- ''■’n 


, a. V oV .Cv'-V7') -tP^V-W - V) 
. V + p' div - PqVjj ^v 


s P. 


. <> in he shown that 

Kurthertnore, it tan no 

,,.V(V .V) - v.,.cV.wO.V.(v--vv„, 
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Thus we have 


3?; 


— P o’ — 

“ + div J = - VP • V - 

9t s poo 


^ . w-Lv o - - Vi. ' V - p’ div V - p v’ • VV • v^ (A8-12) 

9 t s poo^ 0^0 o 


Now, Eqn. (A8-12) is accurate to 0(e ). Thus we need p’ and p’ to 
2 

0(g ) accuracy. For constant entropy, we have 


I 3P 


p' + 


afp 

3p^ 


,.2 


2 2 9P 2 

Substituting p’ = ePj^ + e p 2 and p* «= epj^ + e P 2 » and using = a^, 

we obtain 


L “ % Pi 

2 . 1 2 
% P2 2 TT 


(8-13a) 


(8-13b) 


Next, note that, for constant entropy, VP^ = a^ 
can be written as 


Thus, Eqn. (A8-3a) 


p div V + VP • V =0 
o o 2 o o 

a 

o 


Using this result in combination with Eqns. (A8-13), we obtain 

55a 2 - _ 

-j^+dlvJ^ - div - v' -W^-v' 


accurate to 0(c ). Equivalently, this can be. written as 

sr 

— p cr-ii 2 _ _ _ _ 

+ div J„ “ p' div V_ - v' • VV_ • v' 


where r 


9 1 s 

1 3 (pa) 


(A8-14) 


P a 
o o 


a 9p 


Eqn. (A8-J4) is referred to as the physical energy 


equation in Chapter 4. 
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> ds 


Ad. 3. KvaUiatLon of < >1^ 


We have 


|2 P 

P o’ 

< Tf + -7 

z 2p a 

o 


T f;' “e' * "i') ’ "o 


+. < p'u' > (A8-15) 

^ z 


where the perturbation quantities are given by 


P’ ■ E “« P 


i(wt-k- z) 


u’ = 2^ 

^ tu7» _ mn _ 

Substituting these expressions into the above equation, we obtain 


> - I -Is s 


m,n uTc U^2p^ 


— \ "T '-e \ 

,2o a mn be mn be 




4- V V I U + ^ 

2 \n %J ° %cj 

The functions Vq^^, and are given by 


(A8-16) 


mn 


(A8-17a) 


mn 


k P 
z mn 
mn 


3P du^ 
mn o 

'T- dr 
9r 


z P (UHk U ) ^ r,. n 

mn z o 

mn o z o 

mn 


(A8-17b) 


(A8-17o) 


where 


P_..(r,0) - C_ cos(m0+4.^^) R^„(r) 


(A8-17d) 
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Il- 


‘'urn u. I)c. iv.U, ,,„d 4 , J» i„ 



,„„lO ■■...al ,WUo„ „„d k U r.-al.. Kxaml„(„« tlu- 

-11.1., K.,,,. (A.S-16), I, av 


( i< p* -k... )/.v 

I .. . » imi lu' ■ C C, 

> Ko \ • t- V _ mn In* 

0*0 ) 4 ],'' a" 

i> o 




‘ V*Sn* ‘K ) y- 

'lu* “mn 


■•no, ..rat in,, aoros.s t lu* duot oro.ss soot ion, wo obtain 


^'o = 0 . in b- 




U + t 

m 


r'o n 

Si/ J . mn me 


rdr oos(k -k ) /. 

iiK* '^mi 


m ^ U , 

in ^ S • . . . 

""'•.•■'..lx a, u„. K„,.'(AS-„0 a,.,. l,v 

- ax, r,v ,, ax 




i ' ( I + I ) 
m 


K K 
nm me 


'.IK dK U 

nm me > ^ 

i dr dr ”^*K K 

( ^ i 11 \ . 4 - - 

^ II / ^t'-k ^ 11 ) ^ » 

■ mn " ''„n. " I' ,1 ) 

/""'•n/"'" \/k. U 

V ‘inn*’ ^' 0 '/^“ t(.'-k. U ) 

mn ' "•' o 

mo 

k. K K ‘It’ \ 

f ^ nm dr tir / 

1) ‘ > *'ilr ees(k ~ k ) 

■"•'■ " "o' ^I'O •'mn ( 

me I 


Slmpl il yin}. this oxprk'ssion iitut_nomi tmensjima I iz inj;, wi> obtaln_l.lK> fin; 




> ds = 


S- 7. 


r E 

i' o m,n 0 


C C C«)s((J) - (h ) /» 1 

11111 IlH* ' TTlf'» ' mti ^ / 


' me ^nm 

2"(.l + r ) 
m 


r 

r 


R R 
mn me* 


dR dR 
mn me 


.dr dr 
+ - 

>“K K 
mn me 


dR dR 2 

') — . mn mc-/dM\ 

'«*' R K k k R R I 

4 nm me . . mn me mn me dr dr ' 

K K ~ k“ + “ • "4~ *1 

mn me 


k R — - T.' n ^ Ni in ^1 

mn mn - - 'me me -f - k R R 

- - 1 d t me mn me 

2 2 + 1/ 

> k k K K“ m<> 

mn iiK- ' nu- mn 


d r 

* •> •) 

Y K“ 


e. dM \ 

_i!i( 


• 2rdr eos(k -k )z 
me mn 


The nend imens ion;i 1 v;iri;ihles ;ire defined ;is 

k ;i 

. . r — 7. O P 

- X >. mn . 'r 


( 1 - k M) , 
mn ’ 


;ind = 


* A.*:: ^ 


I’lu' I'ross modo onorj;y flow, , LvH thu Hum of tlio tonns in 

r I’ ^ 

^ ds for whloh n ^ c. Noting that tUo summatiunH ovor n and 

o both have the same upper bound, we can combine terms- to obtain 


K 


II r"* , „ . C C c.os((f - 4i ) 

o_ u rn me _mn 

P a Zmd 2 ( L + i: ) 

o o m,n cvn m 


/ 




•r 


R R 
mn me- 


liK dR / 
nm nu* / dM 


■.il’. dR 
mn 

dr dr \m^mc ^mn^me^mn^mc dr dr ^dr> 

+ --- + . ^ ^ ^ + ”‘“A ' 2 

mn mo > K K 

mn me 



R 

' mn UK* 

y' 

r*” K K 
mn nu* 

dK 

ilM 

/k 

nu* 


R 

dr _ 1 

f mn 

mn 

dr 

>i‘^R R * 

mn nu* 


R ’ 
me 


dR 


k R 
me me 


nm 


dr 


mn 



k k 
nm UK' 

K ^ K ‘ 
nm me 


) 


R R 
mn me 


vIM me mn 

1 \ - * * - . 

, mn - me , 

dr dr di;^ 

’> ' •) ‘ '•} 


I 


2 rdr cos(k - k ) /.. 

nu* mn 


me mn j 

apiation (A 8 ‘P)) can be simplified by integrating llu' term 


c 

J 

O 

by parts. First, we have 
dR 


I M 



^iR \ /dK 
mn 


dl 

K R 
mn nu 


nu' 

dr 




dR 




dR 


nu* 

K K j , 

nm nu* / dr 


d r 


Kf\ 

2 J nu* 


ilr 


nm 


*r M 

d r 

K * K * 
nm r/e 


U 8 -l^) 


dr 


f;iiu*e the cent r ibul i ims of t lu* end piWnts vanish by virtue ol I lu* bounds 
ary i*o!ul i t i ons . Similarly, we luive 


dK 



me 


dR 


r M 

dr 

K K 
mn me 


dU 


mn 


dr 


d r 


- , ■ /' 


mn 


di- 


me 


t'M 

d r 

K * K 
mn nu* 


d! 


;ii) 


Addtnj; tlu'so togotluT, w<?-obtain 



Now we have 



(A8-20) 


Using tile differential equation for (I’qn. (2-'0) to replace the 

derivative in the first term on the right-hand side, we obtain 


dR 


d 

mn " 

r — ■ — M 

r 

II 

R K m^R 

nm mn , mn 

—9 

k R 
. mn mn 

dr 

K "k ‘ 

" K 2 -2,. ; 

K K 

mn me .* 

1 

me Y r K K 

mn me 




mn me 



IM 

- _ jmi (^1 

d r dr 

~K K 
nin me 


(■- 


k M k M 
_ mii_ me 

K K 

mn me 


) 


Similarly, we have 


d 

dr 


dR 

" me 
r * - M 

dr 

K ' K ' 
mn me 


= rM 


R K m^R k“ R 

nu'_nve j. 

‘ K “ K 

mn me 


mn 


’r‘‘r“K K. 

mn me 

dR 


Subslituling Kqn.s (AH-21) into Kqn. (A8-20) , we obtain 


(A8-21a) 


UK i», 

- me dM 

' r ’ / k M. k M \ 

mn me \ me mn / 


21 1 



Substituting Kqn. (A8-22) into Kqn. (A8-19), wo obtain, alter simpllfi- 
cAt ion. 


Mr 


.-f 2 2 

o o m,n,o^n 


C C oos((j> - 4> ) r \\ / (K 
mn me ^ . ^m c Mmi / } \ Kl ^ \ 

2vr+i j‘ 


k k 

+ ^ me 

K K 

im. me 


K R 
um me 


. ^ + K - (k - k 
mil mn mo 

' K K 
mn me 


dR 


(1 - 2k M+ k k M^) 

mn mn me I 

•>,- K “ 

’'^mo 


mn dM 


me 


d r d r 
mn 


\l-2k M + k k M^) 

. mn mo ^ I 


dk 


me dM 


2K^ 
mn 

dK dk 2, 

.,dr dr J - 


mn 


mn 


^ dr dr 
‘ •>“ 

me 


>1 K 
mn nu* 


2rdr eostk - k ) /. 

me mn 


4- 


(A8-2i) 


Appendix A9 


DERlVAflON OF ACOUSTIC ENERCY- EXPRESS IONS 
BASED ON THE WORK OF BLOCKHINTSEV AND MOHRING 

A9. 1 -Re^l^s. Based on th e Work o£ BIo^, 1ch^n^o^„ .. 

The Blockhintsew energy flux can be expressed as 


“ P'v' + pjV^.v^) V. + V ^ (V .vI) V 


o o 


For our portlcular cape . u^e^, and „o ara only Inreraated In the 

0-1 or a cor,po„a„r „f r„e acouatlo onarpy flux. Thua th. rl« avar- 
aged energy flux Is given by 


' ' P'u’ ' (1 + M-) + nL a < u'2 S a. < P'^ > I 

^ ^oo a - p^a J 

a / 


Using tlic expressions 


(A9-1) 


P’ = 2 : Re 

m,n 


i(wt-k- z) 


mn 


and 


- E 


Re 


m.n 


V, (r,0) e 
mn 


i(wt-k- z) 


mn 


ami time averaging, we obtain 


'^'^EE^ 

m , n b,e 


P P. 


(i + f1 ) +m(h a V V* + JSnJl£ 


Kkj, -k~ )z 
•^1)0 ?!mn 


(A9-2) 


We liave 


mn 


k P 
z mn 

mti 

t' (c'-V ify 

o Z ' 

mn 


21 ) 


HP dU 

--"111 o 

>*_r_ 

*' ,(u'-k U )' 

0 7. o 

inn 


whejre . 


P 

mn 


C 

mn 


cos(m0*N|) ) R (r) 
mn mn 


The coef-fic-ient is considered to be real and <p gives the 

location of the modal diameter. Since we are only considering cut. on 
modes ^ ^mn real. Substituting the above expressions 

into the lirst terra of equation (A9-2) and integrating across the duct 
cross section we have 


r * 2 ^ 

J 2 (1+M ) e 


(kj., )z 

^bc ^mn 


o o 


] 


rdrdO = 0 , m b » 


*^C C cos^d) ~<1) 1 /* Q 

mn me ’‘^mn ^mc' ^ 


m 


/ 


mn 


k, R 
^mc me 

p^(0)-k^ U ) 
o zme o 


dR dV 
me o 

dr dr 

p (w-k„ U )■ 
o' Zme o 


d+M‘')rdt' 


cos(k~ -k, )z . m * b , 
zme Zn,,,/ * 


where 

other 

tliese 


^m m - 0; - 1, m = 1,2,3,... . iho integrals- of the 

terms in-Eqn. (A9-2) are given by similar expressions. Evaluating 
terms and summing, we have 
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/ 


<J? >ds 


m^n c J I 

o 


/■(' 


k2 R 
me me 


P^(u)-k2 IT ) 
o o 


dR dU 
me o 

dr dr 

p (co-k« u )' 

o' ^me 


(1+M^) + Mp a 

O 0 

kz R 
^mn mn 

dR„„ dV ^ 

mn o 

dr dr 

(cj-kz U ) 
0 “mn o 

CM 

:=y 

t 

JiiS 

1 

3 

d 

1 


“ 

o ^mn 0 j 


kz R 

^mc me 


P^(u)-k_ u ) 
o ^mc o 


dR dU 
me o 

dr dr 

P^(w-k2 U )' 
o ^mc o 


M 


o o 


I 


^ n a f 2rdr cos(k_. -kz )z 

mn me 1 ' z^c ^mn' 


Nondimensionalizing we obtain 


/ <j“ Ms - ^ J' 

S ®Z ^ — 

^ z o o m,n c 


C C cosfd) -d) ) 

^ mn me '^mn ^me^ 


2(l+e ) 
m 


/f 

O 1."’" 


'K R 
me me 


dR 


K 


me 


me dM 

dt~ d7 

2 2 
Y K 

me 


dR 


k R 


mn dM 


(1+M ) + M dr 


K 

mn 


2 2 
Y 

mn 


dR 


k R 
me me 


me Y K 


me dM 

I* ”'*mn®nc ‘=<=s(k-..-k-Jz 


me mn 


me 


(A9-3) 


where the nondimenslonal variables are defined by 


wr 


= r ’ ^n “ ^ ’ ^^mn “ ' Y = ^ and I « ^ . 
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n»e integrated energy flux can bo sebaratod ^n^ B 

iPb ,_«hore 7“ is Independenr of J ~ B . t ^ -ni 

on 2 . Thus ** ^ ^ cosine dependence 


y<j“^>ds . ^ yE 


Further manipulations of and -n u 

We then have "" . b performed separately. 


^S~/f 


/k R 
/ mn ma 

mnl K 
\ ii.n 


dR , . 
mn dM \ 

-ij. dr L, a 


~~ 2 ' 2 • (i+M ) + 

Y K / 

mn / 


— , v2 

k R —mn v 

-mn mn dF dr 2 1 

K ry— , + MR^ S 27 d 7 

mn Y K / ( 

mn / ' 


where 


Col loo ting coefficients of 
final result for 


p- _ mn 

mn " 2(l+c 1 

m' 


‘IK /dR 

ents Of R __mn mn\ 

,B mn dr \~dr7; obtain the 

a \ / 


o o m,n J ) ,^2 mn “ 


1 +M‘(K 


2 R ~m SlN /dM^ , 

r -k*- -» 1 mn dr dr l“dV'y M ) 



Now. examine > the-part of the integrated energy flux which id 
not independent of z . We have 


/E ■ ^ E E 

o o - m,n cfn 


C C cos((j) „-<!>„„) 
mn me mn me 

2U+e ) 

m 


/I 


R 

ran 


dR 


k R 
me rac 


rac' dM" 


me 


dr dr 

2 2 
Y K 

me 


(14W^) 


dR 


+ M 


k R 
mn mn 

K 

mn 


‘mn dM^ 


dR 


dr dr 

2t.2 

Y K 

nm 


k R 
me rac 

K 

me 


rac dM\ 

MR R 


- - , / 2rdr cos(k -k )z 
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Collecting terms we ottain 
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Noting that the summations over n and c have the same upper bound 
we can combine terms to obtain the final result for * 
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2rdr cos(k^^-k^j^)z 


mn 


aq Results Based on the Wor k 

Moi^Ting (1971) prosenta an acoustic energy flux expression for the 
case of a two dimensional duct containing .a sheared mean flow. The 
acoustic pressure for a two dimensional duct. is given by - 
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The acoustic energy 


flow of Mbhring can be expressed. as 
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Introducing the nondimensional variables 
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wish to find the equivalent of equation (A 9 - 9 ) ton tn 

“ ^uut. tot a oltcular duet, the coordinate F teni 

and the area la^glven by nt^ tathet than y 


“osble indea („.n', and :he ' jtt^ILriL'^ ' t""^ ‘ 

instead of dy Tho ^ t- element of volume is rd9d? 

e inttoduces the factor 

Thus the equivalent of equation (A9-9) for the 
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circular duct case is 
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The integrated power fluv n.« k 

u,. ™M ^ separated into two parts, 

. Whore la Independent Of F and « a ‘ 

<•— on F . T,,na ^ b kss a coalne depen- 
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mn 
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mn 
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Collecting the terms 
we have 


„£ which have a cosine dependence 
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Noting that the summations over n and c have the same upper 
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bound can be written in final form as 
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AriptMidlx AlO 


COMPUTKR PROGRAMS FOR THK EMERGY-WliJCUTlNG FUNCTION ANALYSIS 

Tho oomputor programs in tliis appopd.ix are FORTRAN programs whlcl> 

woro writton for the IBM 370/168 eomputer. The program MODE was eompiled 

on a FORTRAN-H compiler. Tlie program INl’GRTE was used wltli the WATFIV 
i‘onipilor . 


AlO .I. Progr am MODE 

The eomputer program MODE cnleulates the radial mode shape functions 
normalized axial wavenumbers of propagating acoustic 

modes lor a given moan flow profile M(f). The program also calculates 
the physical, Mohring. and Blockhintsev energy weighting functions. 

11k naan I low luotile shape is calculated by the subroutine FLOPJiO. 
Ihe listing lollowing this d.scussion contains the equation for a one- 
seventh power profile. To obtain results for other profile shapes, the 
subroutine FLOPRO would have to be modified accordingly. 

The necessary input data consis of a first line which tells the pro- 
"•-..n haw many cases are to he calculated, and an additional line for each 
case to set the proper input parameti-rs. 

llu I list line of data contains the chosen value of NUMRUN, which 
U-IIs the computer how many modes are to be calculated. NUMRUN is an 

integer which can rang from 1 to and is read using FORMAT statement 1 
i n t ho prop,r;U)i. 

i:.ich succeeding line of data gives the input parameters for a par- 
“‘•"'••i- mode. The data are read using FORMAT statement I in the program. 
Tile following list explains each input parameter. 

•i) NN IS an integer which is less than or equ.il to 10 and con- 
trols the m.mher of intervals which the duct radius is divided into. 

The actual number o| intervals is given by 

whii-h can range I rom 0 to and givi-s the 
'•ircumlerent iai mode number. Foresample, to ca I cu I a t e t he (.’,()) mode, 

M WiMilii hi* .sol oipj.i I t o J, 


L 


li) NMOOH Is an LiUi'y»?r whii'h ran ranKf from 0 to 9 and glvtis Lhi» 
dosirod radial mode nnmlu'r. Howovor, is only used in tho-outpnt 
siibroutino and doos not oontrol whloli radial modo nnmbor Is aotnally 
found. Till' program oonvorgos on tho radial modo luunbor whoso olgonvaluo 
is olosost to ibo ost imatod olgonvaiuo, K (soo below). ll'ri output ran 
easily bo ohookod to soo that tho oorroot radial mode number has boon 
found by applying the fo.l lowing rule . The (m,n) mode eigenfunot Ion 
l,as n zeros In the. interval 0 - V - 1 . Note that the origin is oxolu 
ded In applying this rule. 

d) G is a RKAL*8 number which gives tho value of the reduced 
frequency, y. 


e) K is a RKAh*8 number which is the estimated value of the nor 
malized axial wavenumber, The accuracy of the estimate stiongly 

affects the number of interatlons the program performs to obtain t Iv 
solution. The program will find the radial mode whose normalized axial 
wavenumber is closest to K. Thus the choice of K also aflects the 
radial mode numbi'r of the solution. However, under most c i rcumstanc.es 
the value of k^^^^ can be estimated accurately enough to produce conver- 
t r* the tK’siroil mode. 

I) \^\\ is a RKAI>8 niunlu'r whLeh dofinos tho lowor hound ot tho 
range searched for eigenvalues The values of l.H aud HR should 

be chosen such that m't more than two eigenvalues lie in the specltiod 
range. If more than two eigenvalues are found, the prognun is termina- 
ted after printing a nonzero value of IKRR. If no eigenvalues are found 
in the specified range at any iteration step, the program prints NO 
^■.lGl•;NVAl,HK I'OUNn KOR KSTIMATK K = " terminates. 

y) iig is a Rr,Al*H number \>-hich defines the upper bound of the 
range searclu-d iT'r eigenvalues Guidelines lor selecting values ol 

PR Were disiuissed above. 

1 ,) \v is a RKAI,*H numbi'r which is chosen to aceel orate conver- 
gence of K. II W is set loo high, convergenee w i I 1 be slow, with 
successive iterations overshoot Ing the correct value in an oscillatory 
lasblon. ll W is set loo low. It may lakemanv ileravions to obtain 
As a gs'ueral guMeline, for modes close to culoll low 


\ hr 1 u t h'H . 


values of W such as 0.25 to 0.50 should be chosen, while for modes 

far above cutoff values from O.C to 1.0 give rapid convergence. 

A sample output of the computer program is shown fol lowing the list- 

2 

ing. The value of the eigenvalue K found in each iteration is printed 

out. The message "lERR = 0" denotes i normal return from the subrou- 

2 

tine TSTURM. After the value of K has converged, the normalized 

axial wavenumber is printed out. The integrals in the energy weighting 

functions are then calculated using a Romberg integration scheme (see 
Hornbeck (1975-)). The Romberg Integration -scheme is terminated when the 
volue—of the integral has coaiverged to 0.5% uncertainty or all the 
data points have been used, whichever comes first. The valueof the 
Integral, the uncertainty, and the number of integration steps are then 
printed out. The maximum number of steps is (NN+1). The definitions 
of the integrals listed arc given below. 
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mn mn . 


K 

o mn 
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mn 
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The values of the Blockhintsev, Mohring, and physical energy-weighting 
functions are printed out after, evaluation of the integrals. 

The subroutine OUTPUT is then used to print out the values, of the 
eigenfunction and the integrands of the abx»ve integrals (excluding 

the factor 2r) at 33 points across the duct radius. The Products, 
Mohring Shear, and Blockhintsev Additional categories of the Mohring/ 
Blockhintsev flux terms refer to the integrands of (INT(1)+1NT(2)) , 
INT(3), and (INT(4)+1NT.(5)) , respectively. The Products and Shear 
categories of the physical flux terms refer to (PINT(1)+P1NT(2) ) and 
(P1NT(3)+PINT(4) ) , respectively. Since the listing of the eigenfunctions 
and integrands is controlled by a separate subroutine, more detaUed out- 
put can be obtained easily by simply modifying the subroutine OUTPUT. 

A listing of the program MODE and a sample of the output follows. 


Listing of Program MODK 


REAL*e M.K,KHEW.6,LB.UB,K2NEM,EPSl.SUn.FM,Fft,fP pxiojci 

REAt»8 R( X025 ) ,B( X025 1 . AE( 1025 ) . A0( 1025 ) ‘ lofll’ 

♦K2t 2 i,Z( 1025.2 ) .RVK 1025) .RV2t 1025 1 .RV3( ‘ 

$RV<>( 1025 ) .Km 20A0 ) .MACHl 20A9 ) .Tt 8 ) .Tl( 11 ) .Ttt 11 ) . ’ * ’ 
$PER< NTt 9>.FIlt 1005 ).F1C( 1026).F13(1025).FI9(1025).FI5(10fc-)» 

♦PFIH 1025 ) .PFI2t 1025 ) .PF13t 1025 ) 


REAL*8 DSQRT.DABS 

COMMON MACH.R.B.AE.AD.F14.FI5.PFI1.PFI2.PFI3.K 

EQUIVALENCE (BC 1 )»F11( 1 ) ) . ( AE( 1 ) .FI2t 1 ) ) . ( ADI 1 ).FI3( 1 ) ) 


DIMENSION NSTEP19) 

RE AO (5.1) NUMRUN 
DO 1000 111=1. NUMRUN 


»««• N=2«»NN IS THE NUMBER OF INTERVALS. 

<»•♦* M IS THE CIRCUMFERENTIAL MODE NUMBER. 

*«»• NMODE-IS THE DESIRED RADIAL MODE NUMBER. 

G IS THE REDUCED FREQUENCY GAMMA. 

«««» K IS THE ESTIMATED NORMALIZED WAVE NUMBER. 
LB AND UB DEFINE THE RANGE SEARCHED FOR 
*«** EIGENVALUES K2. 

IS CHOSEN TO ACCELERATE. CONVERGENCE OF K. 


1 


REA0(5.1) NN.M.NMOOE.G.K.LB.UB.M 
tORMAT(3l2.5012.5) 


N=C«*NN 

N1=N*1 

N2=2»N*1 

N3=N/32 


N11=N-1 
NITER = 0 

URITE(6.2) M.NMODE.G.N.LB.UB.U 
2 FORMATC////' ( ’ .11. ’ . ’ . 11 . ' 1 MODE’. AX 
♦VALSV LB=',D11.A.AX.'UD=* ,011. A. AX. 


► 'GAMMAS’ ,011. A. AX. 13. ' 
*M=' .Dll.A/) 


INTER 


generate MACH NUMBER PROFILE ARRAY. 


CALL FLOPRO(NO.N) 

GENERATE KM ARRAY USING ESTIMATED VALUE OF K. 


90 DO 20 1=1. N2 
20 KM1I) = 1.D0-K«MACH(I) 

•••• GENERATE ARRAYS FOR A«R=K2*B»R. 

•••• A IS TRIDIAGONAL, A0(ll ARE DIAGONAL ELEMENTS, 
AE(1) ARE SUOOIAGONAL ELEMENTS. B IS DIAGONAL, 

• »i*» B(l) ARE THE SQUARE ROOTS OF THE DIAGONAL ELEMENTS. 

IF(M.EQ.O) GO TO 29 
N12=N 

DO 30 1=1. Nil 

30 B( I »=6»0S0Rf ( 1 .00»I/N )/( KM( 2*1»1 )*N) 

e(NlsG*OSQRTnN-.5OO(/)2.O0»N) )/(KM( 2*N)*N) 

AE(1I = 0.00 
DO hO 1=2. N 

AO AE(1 ) = (!-. 500 l/(KM(2«I I »*2.00»N) 

AO) 1 )s6»G/lN»»3)-M»M/(KM( 3)**C*N )-l .DO/'IKM) 2 )* 

♦ •2»2.00»N)-AE)2t 


00 50 1=0, Nil. 

im i N**3 Kt1( Om+l )«»0«*H*N)-AE( I )-AE( 1*1 1 

GO To'so* 2 .00»N«N )#( S*G«.KM( N2 00 »nS 1 ^ 

29 N12=N1. 

B(1 >-G/(Kn(2)ii(2.DO«N-Mt«1.500> 

DO 31 1=2, N 

31 B( 1 )=G*DSC1RT( ( I-l .00 )/N )/( KM( 2»I-1 )»N > 

AE (*1 ) = o'oo****^* * ^ 2»N )«N) 

00 <»1 1=2, N1 

1*1.500 )/( KH( 2*»I*2 )**<(2.D0«N) 
oo‘ Sl^Jf oJn''' ^ •®0*N«N ) 

51 A0( I >s6*G<*( I-l. 00 >/(N'**3»-AE( I )-AE( 1*1 J 

AD ( N10=AE < N1 1 / ( 2 . 0 0»N«N )« ( G*G«Km N2 J ««2-2 . 0 0»N*R) 

»«HMf PERFORM CHOLESKI DECOMPOSITION. GENERATE fC-K?*Ti«T.« 

«*•*- WHERE 2a)=B(IM*R(I4, ocNtRATE (C-K2»I )»Zr0, 

59 Ed 1=0.00 

DO 60 1=2, N12 

60 Ed)=AEd)/(BfI)«G(i_ii) 

DO 70 I=1,N12 

D( I )=A0( I4/( B( 1 l*B( I ) ) 

70 E2(I)=Ed)*Ed) 

-- EIGENVAtUES K2 IN UB.UB, AND 

EPS1= -1.00 

IMNEIGEN.GT.O) GO TO 71 
900 WR1TE(6.121 K 

Go”7o^io00° '^0‘JNO FOR ESTIMATE K=', 013.5) 

leRR*‘«2U»,J=l,NElGEN) 

'*^2=' ,D12.^,3X,012 ^) 

IFdEKR.NE.O) GO TO 1000 •<• ) 


:::: i"'. W' 

niter = NITER ♦ 1 
K2NEW=K21 1 ) 

11 = 1 

00 60 1=1,NE1GEN 

TO 60 

11 = 1 

60 CONTINUE 

®° - 

1T(K.LT.O.OOI KNEH=-KNE«- 
K=K«H*(kNEW-K) 
ir (NITER. GE.6( GO TO 1000 
GO TO RO 


ir K HAS CONVERGEO.- GENERATE R FROM Z. 
100 KNEH=0S0RT(K2NEWI 

ITIK. IT. 0.001 KNEH= -KNEW 
K=KNEH 

n t M. EQ. 0 I 60 TO 101 

1 1 = 0.00 


) ^ -» 


00 110 X=2,N1 

110 -R( t )=Z( I-l^II I-l )»Z(N»X1) ) 

60 TO 102 

101 00 111 1=1, N1 

111 RC I) 52U )»B( N1 )/( B( I N1 » II) J 

102 WR1TE(6,4) K 

4^ FORMAT(y ^ ,4X, ’K^SOIZ.^) 

KRITEi6»5) 

5 FORMAK * * ) 

integrate eight integrals using ROMBERG INTEGRATION* 
*»»» EI1(I),FI2(I)»FI3(I),FI^(I) AND FI5(I) ARE VALUES 
OF THE INTEGRANDS EXCLUDING THE (2<»RAD) TERM. 

ruj\ are initial estimates in the integration scheme. 

DO ?20 1=1 *N1 
FI1C)=0.D0 
FI2(I)=0.00 
FI3(I)=0.00 
FI<ft(I)=0.00 
FI5(I)=0.D0 
PF11(I)=0.00 
PFI2(I)=0.D0 
120 PFI3(I)=0.00 

Fill 1 )=MACH( 1 )<«R( 1 )<fR( 1 )/KM( 1 ) 

Fill N1 )=MACH( N2 )»R( N1 )»R( N1 )/KM( N2 ) 

FI2( 1 )=K»*R( 1 )i^R( 1 )/KM( 1 )»«2 .DO 
FI2tNU=K*R(Nl)*RINl)/KM(N2)^<^2.D0 
PFIll 1 )=MACH( 1 1 )^Ri 1 ) 

PFIK N1 )=MACH( N2 )*R( N1 )«R(N1 ) 

PFI21 1 )=K<*R( 1 )^R( 1 )/KM( 1 ) 

PF 1 2 1 Nl) =K*R ( N1 )»R I N1 ) /KMI N2 ) 

FI3,F1<>,F15 AND PF13 ARE IDENTICALLY ZERO AT THE END 
POINTS BY VIRTUE OF THE BOUNDARY CONDITIONS. 
T(1)=FI1(N1) 

T(2) = F12(N1) 

T(3) = O.DO 
T(<*)=O.DO 
TI5)=0.D0 
T(6>=PFI1(N1) 

TI7) = PFI2(N1) 
t(6)=0.D0 
DO 130 JJ=1»8 
T2I1)=TUJ) 

N<+=1 

ISO DO 140 1=1. N4 

140 Till )=T 2 (n 
N4=N4«1 
N5=2<»4(N4-1) 

N6=N/N5 

N7=2#N6 

SUMsO.DO 

GO TO 1 131. 132. 133, 134, 135, 136. )37. 136). JJ 

131 DO 141 1=1. N5. 2 

Fill I*N64l )=MACH( li»N74i )#R( l^H6n )m l«»N64l )/KM( I4N741 ) 

141 SUM=SUM4l^FIllI#N6fl) 

GO TO 150 

132 DO 142 1=1, N5. 2 

FI2I I»N64l )=K«( DABSIRI 14N641 )/KM( 1<»N741 ) ) )4«2.00 

142 SUM=SUM4I‘^FI2(I*N6U) 

GO TO 150 

133 DO 143 1 = 1, N5, 2 

FI3( l*N64l l = -R( l«»N64l )«. 5D0«N«N«( R( I«N642 )-R( I»N6 ) )« 

♦ ( MACHI I*N742 )-MACHt 1*N7) )/(6<*G«KMI I*N74l )«»»4.00 ) 

143 SUM=SUM4l*F13l I*»N64l) 

GO TO 150 


134 DO 144 I:l.,N5.2 

FI4( I«N6+1 >s-R( I»N6+1 »».500*N)*N*(R( 1»N64.8 )-R.( 1»N6 ) >» 

♦ (MACH(H*N7*2)-«AW(1*N7))/(G«G«KM(I*M7*1)**4.D0»»*MACH(1»N7*1>R 
$MACH( I»N7*1 IMN7+1 )«»2.00-K»K ) 

144 SUMsSUM*I«*FI4( I«N6+1 ) 

60 TO 150 

135 DO 1.45 I-Sl.«N5,2 

FI5(I»N6*l)sMACH(I«N7+l)».25D0*N»N»tN«N»lDABSt JMACH(1*N7*2)- 
♦MACH( I»N7 ))»( R( I»»N6+2 )-R( I»N6 ) ) ) J«»2 .00/( G*tKMl I#N7*1J.J»«4^0 

145 SUMsSUM*l«F15t 1*N6+1 ) 

60 TO 150 

136 DO 146 m.N5>2 

PFIK I«*N6+1 )s|1ACH( 1»»N7+1 )*R( 1»N6*1 )»R( I*N6*1 ) 

146 SUM=SUM*I*PFI1(.I»N6*1) 

GO TO ISO 

137 DO 147 1*1»N5,2 

PFI2( I«N6+1 >sK*Rt I«S6+1 )»Rtl»N6*l l/KtK IKHT^l ) 

147 SUMsSUH*I*PF12tI*N6+l) 

GO TO 150 

138 DO 143 1=1, N5, 2 

PF13( I*N6'f l)s-Rt H»N6+1 )».500*N»N»(R( I»N6+2 )-R( 1«N6 1»* 

*( MACHt l*K7+2 )-MACHl I«N7) )/( G«KI1( 1«N7+1 ) )*»2« 
Stl.D0/Kmi*»N7*l)+0.SD0) 

148 SUM=SUM+1*PFI3(I'*N6+1) 

**** THE CONSTANT PART OF (2»RAD), (2.D0/N5>-, OMITTED FROM - 

**»» SUM IS INCLUDED IN THE EXPRESSION FOR T2(l). 

150 T2( 1 )=Tlt 1 )/2 .D0+SUM«2 ,D0/NS*«*2 
DO 160 1:2. N4 

160 T2(l)s(4.DO<**i(l-l.DO)*T2tl-l)-Tltl*l))/(4.DO»»(l-l.DO)-l.DOJ 
IF (N4.LT.6) GO TO 180 
1NTUJ»=T2(N4) 

0EHNT( JJ )=DABS( INT( JJ )-Tl( N4-1 ) ) 

1F(DELINT(JJ).LE.5.D-3«DABS(1NT( JJ)n 60 TO 170 
IF(N4.LT.NN*1) GO TO 180 
170 PERCNT( JJ»=0.0 

IF ( N4 .GT. 2 > PERCNT t JJ 1=100 . t*OELlNT( JJ l/OABSt 1NT( J J ) 1 
NSTEPl JJ)=N4 
130 CONTINUE 

INH9) = INT(5)/2.D0 
PERCNT19)=PERCNTt5) 

NSTEPt91=NSTEP(5) 

DO 175 JJ=1,4 
Jl:JJ*5 

URITE 1 6 , 9 1 JJ , INTI JJ 1 .PERCNTt J J 1 ,NSTEP( J J 1, JJ , INTt J1 1 , R6RCNT( Jl >, 
»NSTEP( Jll 

9F0RMAT(* 1NT( Ml,' )s*»D12.4,F5.1.* XUNCIR* 

».X,12,' STEPS. '.lOX,' P1NT(',11,')=',D12.4,F5.1,' XUNC6R*,X. 

»12,' STEPS.' 1 
175 CONTINUE 
JJ:5 

KRITEt 6,6 1 JJ ,lNTt JJ 1 ,PERCNT( J J 1 ,NSTEPt JJ 1 
6 FORMAT!' INTI ', II ,' 1= ' ,012.4, F5. 1 , ' XUNCER' 

«,X,12,' STEPS. '1 
FM:1NT(IUINT(2UINT(31 

FMFPCT*! INTI 1 l•PEPCNTI 1 1 + lNTI 2 )»PERCNTI 2 1 + lNTI 3 )«PERCNTI 5) l/FM 
FP = INTI1I*INTI21«INTI 3UINTI4)*INTI5) 

FBPRCTsi INTI 1 )<*P£RCNTI 1 UINTI 2 )»PERCNTI 2 UINTI 3 1«PERCNTI 3 )*1NTI4»R 

♦ FFRCNTI 4 UINTI 5 )*PERCNTI 5 1 l/FB 
FPsINTI6l*INTI71*INTI8l»INTI9) 

FPPRCTsi INTI 6 l*PERCNTI 6 HINTI 7 1*PERCNTI 71 ♦INTI B IRPERCHTl 8 1 

♦ ♦INTI9I»PEPCNT1911/FP 
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WITE(6»8X FB,FBPRCT,FM,FMPRCT,FP,FPPRCT 

®*-0^*^NJ^NTSEV energy HEIGariNS FUNCTION »',012 4, 
♦*iON*‘^’-*\l^i"Iy^rr/! V energy WEIGHTING FUNCT% 

♦ ►WEIGHTING FUiir^Tni ’ UNCERTAINTY V, • PHYSICAL ENERGY*, 

CAlE S5SS?(SJt^S55 ' *012.^,5X,F5.l,* X UNCERTAINTY*./) 
1000- CONTINUE 

WRITE(6,10 ) - 
lO-FORMATJ///* ►) 

STOP 

END 

#••*»«»*»»«»»»„««* START OF TSTURM 
4/2/73 


SUbROUTINc TSTURM(NI1 »N^EPSI*DsE»E2,LB»UB,I1I1pH^W*2s 

^ lERR sR VI , R V2 pRV3 * RV4 > RV5 » R 

mKw!;?™’”'"'"'""'"'"*-""-"*- 

REAL»8 D(N),E1N),E2(N),W(MM),Z(NM,HM), 

^REAL#« n'^i' *Ry2m),RV3( N » .RV4( N) ,RV5(N) ,RV6( N) 

^REAL#8 »UK ,XU, XO , XI , EPSl , EPS2 , EPS3, EPS^ , 

REAl^d DSQRT s&ABS >Of1AXl » OMINX sOFUOAT 

J!^PE?ERS°S!irSuKWsS5*'^*‘‘*^^°'' TRISTURM 

HANDBOOK FOR AUTO. COMP., VOUII-LINEAR ALGEBRA, 418-439(1971). 

EIGENVALUES OF A TRIOIAGOHAL 

matrix which lie in a specified interval and their 

ASSOCIATED EIGENVECTORS, USING BISECTION AND INVERSE ITERATION. 
ON input: 


^^addaI DIMENSION OF TWO-OIMENSIONAL 

N IS THE ORDER OF THE MATRIX) 

TOI-CRANCE for THE COMPUTED 
SHOULD BE CHOSEN COMMENSURATE WITH 
noncl^nf PERTURBATIONS IN THE MATRIX ELEMENTS OF THE 

iwpu? machine precision, if the 

INPUT EPS! IS NON-POSITIVE, IT IS RESET FOR EACH 
PRODUCT^OF^ruB VALUE, NAMELY, MINUS THE 

of T« 

0 CONTAINS THE DIAGONAL ELEMENTS OF THE INPUT MATRIX) 

^ inTS^AiyVfSi^rr*'^ elements of the INPUT MATRIX- 

IN ITS LAST N-1 POSITIONS. Etl) IS ARBITRARY) 

^*E2°xI*i^ARBITR?Rn“ CORRESPONDING ELEMENTS OF E. 

'■®XF^B'1s^w^LESs'Ti^M^«*‘•J° SEARCHED FOR EIGENVALUES. 
IF LB IS NOT LESS THAN UB, NO EIGENVALUES WILL BE FOUND) 

MM SHOULD BE SET TO AN UPPER BOUND FOR THE NUMBER OF 
^GENVALUtS IN THE INTERVAL. WARNING: IF MORE THAN 
M determined to lie in THE INTERVAL, 

AN ERROR RETURN IS MADE WITH NO VALUES OR VECTORS FOUND. 


93210052 

93210053 

91210054 


.’•30 


ON output: 

EPSl IS UNALTERED UNLESS IT HAS BEEN RESET TO ITS 
CLAST) DEFAULT VALUE; 

D ANDE ARE UNALTERED^ 

ELEMENTS OF E2* CORRESPONDING TO ELEMENTS OF E REGARDED 
AS NEGLIGIBLE* HAVE BEEN REPLACED BY ZERO CAUSING THE 
MATRIX TO SPLIT INTO A DIRECT SUM OF SUBMATRICES. 

E2C1) IS ALSO SET TO ZERO; 

M IS THE NUMBER OF EIGENVALUES DETERMINED TO LIE IN (LB*UB); 

U CONTAINS THE M EIGENVALUES IN ASCENDING ORDER IF THE MATRIX 
DOES NOT SPLIT. IF THE MATRIX SPLITS, THE EIGENVALUES ARE 
IN ASCENDING ORDER FOR EACH SUBMATRIX. IF A VECTOR ERROR 
EXIT IS MADE, N CONTAINS THOSE VALUES ALREADY FOUND; 

Z CONTAINS THE ASSOCIATED SET OF ORTHONORMAL EIGENVECTORS. 

IF AN ERROR EXIT IS MADE, Z CONTAINS THOSE VECTORS 
ALREADY FOUNDS— 

lERR IS SET TO 

ZERO FOR NORMAL RETURN, 

3»N*1 IF M EXCEEDS MM; 

A«*N+R IF THE EIGENVECtTOR CORRESPONDING TO tHE R-TH 

EIGENVALUE FAILS TO CONVERGE IN 5 ITERATIONS; 

RVX, RV2, RV3, RVA, RV5, AND RV6 ARE TEMPORARY STORAGE ARRAYS. 

THE ALGOL PROCEDURE STURMCNT CONTAINED IN TRISTURM 
APPEARS IN TSTURM IN-LINE. 

NOTE THAT SUBROUTINE TQL2 OR IMTQL2 IS GENERALLY FASTER THAN 
TSTURM, IF MORE THAN N/A -EIGENVALUES AND VECTORS ARE TO BE FOUND. 

QUESTIONS AND COMMENTS SHOULD BE DIRECTED TO B. S. GARBOW, 

APPLIED MATHEMATICS DIVISION, AR60NNE NATIONAL LABORATORY 


MACHEP IS A MACHINE DEPENDENT PARAMETER SPECIFYING 
THE RELAIIVE PRECISION OF FLOATING POINT ARITHMETIC. 
MACHEP s 16.0D0<*^»(-I3) FOR LONG FORM ARITHMETIC 
ON S3SD :::::::::: 

DATA MACHEP/Z3A10000000000000/ - - 

lERR s 0 
T1 = LB 
T2 = UB 

LOOK FOR SMALL SUB-DIAGONAL ENTRIES :::::::::: 

DO 40 I s 1, N 

IF (I .EQ. X) GO TO 20 

IF (DABS(E(I)) .6T. MACHEP » (DABStD(I)) ♦ DABS( D( I-l) ) ) ) 

X 60 TO 40 

20 E2(I) s O.ODO 

40 CONTINUE 

DETERMINE THE NimBER OF EIGENVALUES 
IN THE INTERVAL :::::::::: 

P s 1 
Q s N 
XI 2 L?B 
ISTURM s X 
60 TO 320 
60 M s S 
XX 2 LB 
ISTURM = 2 
GO TO 320 
eo M 2 M - S 

IF (M .GT. MM) 60 TO 480 


932X0055 

93a0056 

W2X0057 

932X0058 

932X0059 

932X0060 

932X006X 

932X0062 

932X0063 

932X0064 

932X0065 

932X0066 

932X0067 

932X0068 

932X0069 

932X0070 

9^32X007X 

93210072 

932X0073 

9^3210074 

932X0075 

93210076 

9321D077 

932X0078 

932X0079 

932X0080 

932X008X 

932X0082 

932XD083 

932X0084 

932X0085 

932X0086 

932X0087 

9321D088 

932X0089. 

93ZX0090 

932X009X 

93ZX0092 

93210093 

932X0094 

932X0095 

•932X0096 

932X0097 

93210098* 

932X0099 

932X0X00 

93210XOX 

932X0X02 

932X0X03 

93210X04. 

93210X05 

9^32X0106 

93210X07 

93210108 

932X0X09 

932X0110 

932X0X1X 

93210112 

93210X13 

93210X14. 

932101X5 

932X0U6 

932101X7 

93210118 

932101X9 

93210120 

932X0X21 

93210X22 

932X0123 

932X0124 

93210125 

932X0126 


2 n 


1 


Q 5 0 93210127 

R s 0 93tiai26 

;s: ESTABUISH AND PROCESS NEXT SUBMATRIX, REFINING 93210X29 

INTERVAL BY THE GERSCHGORIN BOUNDS 93210130 

100 IF (R. .EQ. m GO TO 1001 93210131 


P s Q ♦ 1 
XU = OiPX 
Xd s D(P) 

U ^ O.ODO 

DO 120 Q s P, N 
XI s U 
U s O.ODO 

V » 0.000 

IF (Q .EQ. HI 60 TO 110 
U 5 0ABS(EIQ+D) 

V = E2(Q+n 

110 XU = DMINU0<Q)-CX1^U),XU) 

XI = DNAXl(DLQ)+tXl+U),XO) 

IF (V .EQ. O.ODO) GO TO 190 
120 CONTINUE 

190 XI s DMAX1(OA8S(XU)»OABS(XO)) » MACHEP 
IF (EPSl .LE. 0.000) EPSl * -XI 
IF (P .NE. Q) GO TO ISO 

CHECK FOR ISOLATED ROOT WITHIN INTERVAL 
IF (T1 .GT. D(P) .OR. 0(P) .GE. T2) GO TO 990 
R = R ♦ 1 

DO 160 I - It N 
160 Z(ItR) 5 O.ODO 

W(R) s DCP) 

2(PtR) = l.ODO 
60 TO 990 

160 XI = XI * DFLOAT(Q-P+l) 

LB = DMAX1(T1,XU-X1) 

UB s OMINKTEtXa^XU- 
XI 5 LB 
ISTURM = 3 
60 TO 320 
200 Ml = S ♦ 1 
XI = UB 
ISTURM 2 9 
GO TO 320 
220 M2 2 s 

IF (Ml ^T. M2) 60 TO 990 

FIND ROOTS BY BISECTION 

XO 2 UB 
ISTURM 2 5 

DO 290 I 2 hi, M2 
RV5(.n 2 UB 
RV9(I) 2 lb 
290 CONTINUE 

LOOP FOR K-TH EIGENVALUE 

FOR K=M2 STEP -1 UNTIL Ml DO — 

(-00- MOT USED TO LEGALIZE C0MPUTED-60-T0) S ? : s : : 

K 2 M2 

250 XU 2 lb 

FOR I 2 K STEP -1 UNTIL Ml DO — 

DO 260 It 2 hit K 
I 2 hi 4^ K - II 
IF (XU .GE. RV9(D) GO tO 260 
XU 2 RV9(I) 

GO TO 280 
260 CONTINUE 

26() IF (XO .GT. RV5(K)) XO * RV5(K) 
t I iJ NEXT BISECTION STEP 
300 XI 2 (XU ♦ XO) 9 0.500 

IF ((XO - XU) .LE. (2.000 * MACHEP P 
X (OABS(XU) ♦ OABS(XO)) 4 DABStEPSl))) 60 TO 920 


93210132 
93210133. 
93210139 
93210135 
93210136 
93210137 
93210138 
93210139 
93210190 
93210191 
93210192 
93210193 
93210199 
93210195 
93210196 
932X0197 
93210198 
93210199 
9321-0150 
93210151 
93210 L52 
9321C153 
93210159 
93210155 
93210156 
93210157 
93210158 
93210159 
93210160 
93210161 
93210162 
93210163 
93210169 
93210165 
93210166 
93210167 
93210168 
93210169 
93210170 
93210171 
93210172 
93210173 
93210179 
93210175 
93210176 
93210177 
9^3210178 
93210179 
93210180 
93210161 
^3210182 
93210183 
tl 93210189 
93210185 
93210186 
93210167 
93210168 
93210169 
93210190 
93210191 
93210192 
93210193 
93210199 
93210195 
93210196 
93210197 
932)0198 
93210199 




2S2 




; : : s : J J ! : ! IN-tIKE PROCEDURE FOR STURM SEQUENCE 
;0 S s P - I- 
U = 1.000 

IF^(U .NE. 0.000 ) 60 TO 525 
V s OABS(EU)) / MACHEP 
GO TO 530 

25 V s E2(l) / U 

30 U s 0(1) - XI - V 

IF tU .LT. 0.000) S * S ♦ 1 
40 CONTINUE 

GO TO (60*80»200»220f560)» ^^TURH^^ 

REFINE INTERVALS 
560 IF (S .GE. K) 60 TO AOO 
XU s XI 

IF (8 .GE. MX) 60 TO 380 
RVA(Ml) = XI 
GO TO 300 

380 RVAlS+1) = XI _ 

IF (RV5(S) .GT. XI) RV5(S) - XI 

GO TO 300 
400 XO = XI 

GO TO 300- 

K-TH EIGENVALUE FOUND 

420 RV5(K) » XI 

Sl^®VEJ?o5f BY INVERSE-ITERATION 
NORM = 0ABS(0(P)) 

IP = P ♦ 1 

enn unOM^- NQRM^ + 'oABS(0( I )■) vDABS(E(D) 

500 norm 

EPS3 REPLACES ZERO PIVOTS AND EQUAL- 

ROOTS ARE MODIFIED BY EPS3. nVERFLOM 

EPSA is taken very small TO AVOID OVERFLOW 

EPS2 = 1.00-3 • NORM 
EPS3 = MACHEP * NORM 
UK = 0FL0AT(Q-P+1 ) 

EPS4 = UK * EPS3 
UK = EPS<) / DSQRT(UK) 

GROUP =0 _ 

S = P 

00 920 K = MI^ M2 
R a R ♦ 1 . 

ITS a 1 
U(R) s RVS(K) 

jiStsti.-floiK FOR CLOSE OR COINCIDENT ROOTS 
IF (K .EQ. Hi' 60 TO 520 
IF (XX - XO .GE. EPS2) GROUP = -X 
GROUP a GROUP ♦ X 
TF I XX LE . *0) XX a XO ♦ EPS3 

elimination HITM INTERCHANGES AW ^ ^ 

INITIALIZATION OF VECTOR '•«(•« 

52C V a 0.000 


DO 580 I a P» Q 
RV6(1) a UK 

IF li .EQ. P) 60 TO 560 
IF (0ABS(E(I)) .LT. OABStU)) 60 TO 560 
XU a U / E(l) 

RV6( 1 ) a XU 
PVX(l-X) a E(l) 

PV211-X) a D(I) - XX 


932X0200 
932X0201- 
93210202 
932X0203 
952X0200 
93210205 
932X0206 
932X0207 
93210208 
93210209 
93210210 
932102X1 
932102X2 
932X02X3 
932X02X6 
932X02X5- 
93210216 
932102X7 
932X02X8 
932X02X9 
932X0220 
932X022X 
93210222 
932X0223- 
93210226 
932X0225 
93210226 
932X0227 
93210228 
932X0229 
93210230 
9^321023). 
932X0232 
932X0233 
93210236 
932X0235 
932X0236 
932X0237 
t 93210230 
932X0239 
932X0260 
932X026X 
932X0262 
932X0263 
93210264 
932X0265 
932X0266 
93210267 
95210268 
93210269 
93210250 
932X0251 
93210252 
93210253 
932X0256 
932X0255 
932X0256 
932X0257 
93210258 
932X0259 
932X0260 
932X0261 
932X0262 
932X0263 
932X0266 
932X0265 
932X0266 
932X0267 
932X0268 


4 



RV3d>-l) » 0.000 , 

93210269 

93210270 


IF d .NE. 0) RV3(I-1) s Edd» 

93210271 


U a V - XU RV2d-l) 

93210272 


V = -XU *» RV3(I-1) 

93210273 


GO TO 580 

93210274 

540 

XU » Ed) / U 

93210275 

RV4(I) = XU 

93210276 


RVld-1) » U 

93210277 


RV2(I-1) = V 

93210278 


RV3tI-l) = 0.000 

93210279 

560 

U = Od) - XI - XU «* V 

93210280 

IF (I .NE. Q) V » Cd+l) 

93210281 

580 

CONTINUE 

93210282 

IF (U .EQ. 0.000) U - EPS3 

93210283 

93210284 


HVKQ) = u 

93210285. 


600 


620 


RV2(Q) - OJDO 
RV3(Q) = O.ODO 


BACK SUBSTITUTION 

FOR 1=0 STEP -I UNTIL P DO 

P, 0 

V * RV31D) / RVl(I) 


DO 620 U 

I = p ♦ Q - II 
RV6(I) = (RV6(I) - U » RV2(I) 


V = U 

U = RV6tIJ 

: • • -1 : x^RTHOGONAUIZE WITH RESPECT TO PREVIOUS 
MEMBERS OF GROUP 
IF (GROUP .EQ. 0) GO TO 700 

DO 680 JJ = 1» GROUP 

J = R - GROUP - 1 ♦ JJ 
XU = 0.000 

DO 640 I = P» 0 

6<*0 XU = XU ♦ RV6tI» * Z(I»J) 

DO 660 I = P. 0 

t60 RV6tI) = RV6(I) - XU » Ztl»J» 

6B0 CONTINUE 

700 NORM = O.ODO 

DO 720 I = P» Q 

720 NORM = NORM ♦ DABStRV6(D) 

IF (NORM .GE. 1.000) GO TO 840 

issstt:!:: FORWARD SUBSTITUTION 

IF (ITS .EQ. 5) 60 TO 960 
IF (NORM .NE. 0.000) GO TO 740 
RV6(S) s EP84 
S « S ^ 1 

IF (8 .GT, 0) 8 s P 
GO TO 780 

740 XU » EP34 / NORM 

DO 760 1 = P» <3 

if.'t'tt'i:! ELIMINATION OPERATIONS ON NEXT VECTOR 
ITERATE 

780 00 620 I » IP* <3 

i!!i::'f:::'’lF‘RVltI-l) '<3. Ed). ARON INTERCHANGE 

WA8 PERFORMED EARLIER iN THE 
TRIANGULARIZATION PROCESS 
IF (RVKl-l) .NE. Ed)) 60 TO 600 
U s RV6d-l) 


93210287 

93210288 

93210289 

93210290 

93210291 

93210292 

932X0293 

93210294 

93210295 

93210296 

93210297 

93210298 

93210299 

93210300 

93210301 

93210302 

93210303 

93210304 

93210305 

93210306 

93210307 

93210306 

93210309 

93210310 

93210311 

93210312 

93210313 

93210314 

93210315 

93210316 

93210317 

93210316 

93210319 

93210320 

93210321 

93210322 

93210323 

93210324 

93210325 

93210326 

93210327 

93210328 

93210329 

9321033C 

93210331 

93210332 

93210333 

93210334 

93210335 

93210336 


234 


eoo 

RV4(I-1) = RV6(1) 

RV4(14 = U - RV4(1) « RV6M^11 


9-3210337 

93210338 

e:o 

CONTINUE 


93210339 

ITS s ITS ♦ 1 
GO TO 600 

93210390- 

S3210391 

93210392 

93210393 


1 AND EXPAND TO FULL ORDER 


9^3210399 

6^0 

U = O.ODO 


93210395 . 

660 

DO 860 I s P, Q 
U = U ♦ RV6(I)»*2 


93210396 

93210397 

93210396 

680 

XU a 1.000 / OSQRTtU) 

DO 880. I a 1, N 
2U,R) a O.ODO 


93210399 

93210350 

93210351 

93210352 

93210353 

900 

DO 900 I., a p, Q 
ZtX,R) a RV6(I) « XU 


93210359 

93210355 

93210356 

920 

XO 5 XI 
CONTINUE 


93210357 

93210356 

93210359 

990 

IF (Q. .LT. N) 60 TO 100 


93210360 

93210361 

GO TO 1001 

EIGENVECTOR :::::::::: 

93210362 

93210363 

960 

lERR a 4 * N ♦ R 


93210369 

GO TO 1001 

OF NUMBER OF 

93210365 

93210366 


EIGENVALUES IN INTERVAL 


93210367 

980 

lERR = 3 * N ♦ 1 


93210366 

1001 

LB = TI. 


93210369 

UB = T2 
RETURN 


93210370 

93210371 

93210372 


END 


93210373 


»»*« »«»*»***»»»**»#»**** END OF TSTURM 
SUBROUTINE FLOPRO(N2,N) 

REAL*8 MACH(-20AS) 

COMMON MACH 
URITE(6.2) 

2 FORMAK * ONE -SEVENTH JOWER PROFILE* MAXIMUM M=0.3'/J — 

DO 1 1=1, N2 

1 MACH( I )=0. 3D0»t l.D0-( I-l .00 )/( 2»N ) )**( 1.00/7.00 ) 

RETURN 

END 

SUBROUTINE OUTPUTtNl.NJ) 

REALMS MACH( 20^»9 ) ,R( 1025 ) ,F11< 1025 ) ,F12t 1025 ) ,F13t 1025 ) ,FMt 1025 ) , 
»F15( 1025 ) ,PFIia025 ) ,PFI2(1025 1 ,PFI3( 1025 ) 

REALMS F1.F2,F3,FA,F5.K 

COMMON MACH,R-,FI1,FI2»F13,F14,FI5,PF11iPFI2,PF13,K 
WR1TE(6,0» 

9 FORMATC RADIUS' ,6X, 'EIGENVECTOR * ,9X, ’MOHRINS/BLOCKHINTSEV FLUX' 
TERMS PHYSICAL FLUX TERMS' ,/,29X, 'PRODUCTS M' , 

$'0HRING SHEAR BLOCKH. ADO. * ,6X, 'PRODUCTS SHEAR') 

L=-l 

DO 190 1=1,N1,N3 
L=L*l 

RA0=L/32.0 

Fl = Fil(I)4F12tI) 

F2=FI3(1) 

F3=F14tl)+F15(i) 

F4=PF11(1)4PFI2(I) 

F5=PF13tI)4F15(l)/2.D0 
190 KR1TE(5,11) RA0,R(1),F1,F2,F3,F4,F5 
11 FORMAT)' ’ ,F7.5,3X,DW.4,3X,012.4,3X,012.4»3X,D12.4,3X, 

♦012. 4. 3X, 012. 4) 

RETURN 

END 


235 


Sample' Output of Program MOHK 


tOfOI MODE GAnrtAs O.SOOOO^Ol 
L6« 0«72000«90 Ufts O.dlOOO^OO 


%IZ INTERVALS 
H3 O.dOOOCU^O 


UrtXNAR ^lOM PROrXL£» luxzmjll «=a^3 


lERRa 6 K2a R. 76290^00 

ZERRs 0 K2« 0.76290*00 


K* — 0.6/3k*0*00 


ZNTC1)« 0. 97660-01 0.0 XUNCER 
ZNT(2)s 0.762<»0*00 0.0 /lUNC^R 

ZNT<3)s 0,127<»0-0t- 0.0 ^CUNCER 
ZNTiAU -0.26160-06 0.0 XUNCCR 

XNTCSU 0.26360-06 0.0 XUNCER 


•6 STEPS. PIMTina 
6 STEPS. PZNT(2I« 
6 STEPS. PZNT(3)« 
6 STEPS. PZNT(6I« 
6 STEPS. 


0.62630-01 

0.0 ZUNCER 

6 

STEPS. 

0.67360*00 

0.0 ZUNCER> 

6 

STEPS. 

0.15960-01 

0.0 ZUNCER 

6 

STEPS. 

0.12190-06 

0.0 ZUNCER 

6 

STEFS. 


SLOCKHZNTSEV ENERGY NEIGHTING FUNCTION 
NONRZNG ENERGY WEIGHTING FUNCTION 
PHTSZCAU ENERGI^ WEIGHTING FUNCTION 


0.67260*00 

0.67260*00 

0.77200*00 


0.0 Z UNCERTAINTY 
0*0 Z UNCERTAINTY 
*0.0 Z-UNCERTAINTY 


RAOIUS. 


0.0 

0.03125 

0.06250 

0.09375 

0.12500- 

0.15625 

0.10750 

0.21075 

0.25000 

0.26125 

0.31250 

0.36375 

0.37500 

0.60625 

0.63750 

0.66675 

0.50000 

0.53125 

0.56250 

0.59375 

0.62500 

0.65625 

0.66750 

0.71675 

0. 75900 

0.76125 

0.61250 

0.66375- 

0* 67500 

0.90625 

0.93750 

0.96675 

1.00000 


EIGENVECTOR 

0. 51160 « 00 
0.^51250*00 
0.5I**50«00 
0.51790f00 
0.52270*00 
0.52690*00 
0.536hO^00 
0.56530*00 
0.55560*00 
0.56730*00 
0.56030*00 
0.59670*00 
0.61060*00 
0.62750*00 
0.66560*00 
0.66560*00 
0.66610*00 
0.70760*00 
0.73060*00 
0.75610*00 
0.77630*00 
0.60300*00 
0.62760*00 
0.65260*00 
0.67700*00 
0.90060*00 
0.92290*00 
0.96360*00 
0.96200*00 
0.97750*00 
0.96«50*00 
0^99720*00 
0.10000*01 


MOHRJNC/BLOCKHINTSEV FLUX TERNS 
PRODUCTS nOHRING SHEAR OLOCKH AOO. 
0.52660*00 O.fl Art 


0.52760*00 

0.53050*00 

0.53530*00 

0.56220*00 

0.55090*00 

0.561o0*00 

0.576^30*00 

0.56890*00 

0.60550*00 

0.62390*00 

0.6h610*00 

0.66610*00 

0^66970*00 

0.71660*00 

0.76120*00^ 

0.76660-00 

0.79670*00 

0.62620*00 

0.65350*00 

0.66110*00 

0.907hO*00 

0.93170*00 

0.95320*00 

0.97100*00- 

0.96620*00 

0.99190*00 

0.99310*00 

0.96660*00 

0.97230*00 

0.9««690*0a 

0.91600*00 

0.67360*00 


0 . 5669D-06 
0.22600-03 
0.50670-03 
0.90660-03 
0.161<*0-02 
0.20360-02 
0.27710-02 
0.36150-02 
0.<»5690-02 
0.56190-02 
0.67670-02 
0.79990-02 
0.93010-02 
0. 10660-01 
0.12050-01 
0.13660-01 
0.16600-01 
0.16100-01 
0.17290-01 
0.16330-01 - 
0.19150-01 
0.19700-01 
0,19930-01 

0.19770-01 

0.19160-0U 
0.16060-01 
0.16620-01 
0.16210-OU 
0. 11660-01 
0.6XC50-02 
0.62070-02 
0.0 


-0.11050-05 

-0.63560-05 

-0.95610-05 

-0.16660-06 

-0.26650-06 

-0.336X0-06 
-0.62790-06 
-0.51560-06 
-0.5«3h0-06 
-0.65660-06 
-0.69310-06 
-0.70**70-06 
-0.66560-06 
-0.63610-06 
-0.55060-06 
-0.636<«0-06 
-0.30260-06 
-0.15070-06 
0.65210-06 
0.15790*06 
0.29110-06 
0.39500-06 
0.H602O-06 
O.MS120-06 
0.657««0-06 
0. 39660-06 
0.30370*06 
0.20200-06 
0.10660-06- 
0.60110-05 
0.61660-06 
0.0 


PHYSICAL FLUX TERNS 


PRODUCTS 
0.36660*00 
0.36950*00 
0.39200*00 
0.39630*00 
0.60230*00 
-0.61010*00 
0. 61960^00, 
0.63X00*00 
0 . 66620*00 
0.65960*00 
0.67660*00 
0.69530*00 
0.51610*00 
0.53660*00 
0.56360*00 
0.56970*00 
0.61760*00 
0.66690*00 
0.67760*00 
0.70670*00 
0.7h060*00 
0.77200*00 
0.80290*00 
0.632h&*00 
0.85970*00 
0.66370«00 
0.90360*00 
0.91610*00 
0.92620*00 
0.92660*00 
0.91660*00 
0.90120*00 
0.07360*00 


shear. 

0.0 

0.57100-06 
0. 22670-03 
0.51600-03 
0.92060-03 
0.16650-02 
0.20910-02 
0.266X0-02 
0.37560-02 
0.67620-02 
0.59330-02 
0.72100-02 
0.66060-02 
0.10110-01 
0.11720-01 
0.13610-01 
0.15150-01 
0.16920-01 
0.16670-01 
0.20350-01 
0.21900-01 
0.23250-01 
0.2h320-0:. 
0.25030^01 
0.25270-01 
0.26950-01 
0.23960-01. 
0 . 22200-01 
0.19600-01 
0.16100-01 
0.11650-01 
0.62630-02 
0.0 




A I U . 2 . rui.i^\r*un I NTilKTK 

Tlu- 4 -.'miMiUT program INT^RTK was usod to vof Ify tho urthogonaUty 
propoi tios doi ivod Mom tho rosuUs ol Mohrlng and from tho physLcal 
onorgy oquat ion Uho intoguils In Kqns. (4-30) and (4-34b)). Tho Rlook- 
hintsi’v o i;oss-iiuh 1 o I'lUTgy-wi’ight Ing lunctlon (l.o., the Integral In hqn» 
was ii Uso leu I at viU • 

riu* pri'^ram usi's a Komburj!; intoj*rat ion soltemo similar to that om- 
ployod in MOPK. To taeilltato tlie oaleulal^icm, oach orthogonality prop- 
orty_v;as hrokon np into several integraU. Alter evaluation of the 
individual uuograls, tho rosttlLs wore then summed. 

Tho Nohring orthogonal ity exp .ess ion is broken up Into tho following 

int <’>’,ra 1 s . 

INT(I) 

INTt.M 


INTt n 


I N T (,4) 


/ 


.^MR R 
mn iiu* . 


K K 

e imi me 


2rilr 


^l tk + k )U -MD K K 
y imi nu* mn 


K K 
mn nu* 


dN 


ilR 


me 


•'o e’e’ 

' iiiti nil* 


2rdr 


dN 


mn im* 
dR 


mn 


/mi , nu* , 

/ dr dr I 

- / . -»•*»>• 

•^o 4 K" 

' mn mo 


2rdr 


The Hlooklilnt sov o ov'ss-modo energy-weighting lunotion is hrokon up 
inti' t lie tol lowing integrals. 


INT(1 ) 


/, 


1 :m R 

mn nu* , 

- .. .M*dr 
K K 

o mn nu* 




/ 


; tk + k Ui -M‘ ) R „,K 
mn mo mn nu 

K K 
mn mo 




... 

ilM „ mo 

K 

dr dr 


TK' K 
mn mo 


1 + M* (k*’ - ) I 

' mn mn ' ] 


.m; 


IN It n 


2i d r 


INT(4) 


INT(5-) 




dR 

dM _ ma 

1 X\ 

I me 

dr dr 

2 2 2 
Y-K K 
ran me 


.1 +. 


-Ol 

_ ' ''>9; rae /_J 


2rdr 


/ 


/.„\2 dR dR 

2Mm 

V.'*; 2?dr 


o 

ran me 


The orchogonality. expression derlued from the physical energy equa- 
tion was broken up into the following integrals •. 


INT(l) 


INT(2) 


■/ 


I Mt(K +K - (k -k )^l 
mn me mn me 

jric 

mn me 


.1 / k k \ 

mn . me » 


R R 2rdr 
mn me 


INTO) = 


= /(ir^F"i 

•'ey mn me / 

^1/ k (l-2k M+k k M‘")\ 

r I me me me mn \ 

•'l \(k -li ) 2K^ / 

mn me - — 


dR 


r- R 


me dM 


TNT(4) = 


■4 


mn T 
dr dr 

2^2 
Y K 
' me 

dR .M 

_ _ 2 j, mn dM 

k (1 - 2k M + k k M^)\ me 

mn- mn mn me 1 dr dr 


2rdr 


(k -k ) 
me mn 


M + k k M )\ 
mn me 1 

2k2 ‘ / 

me 


2t,2 

y K 
' mn 


2rdr 


The input data to the program INTGRTE consists of one lincv which 
se4;s the overaU. pnrartieters for the program, followed by the two sets of 
eLgenvalues and eigenfunctions, HuCorc using INl'GRTE, the eigenvalues — 
and eigenfunctions must be calcula4;4jd using MODE. The subroutine OUTPUT 
of MODE must be modified to list out the eigenvalue and eigenfunction iio. 
formats compatible with FORMAT statements 1 and_2— in INTGRTE. 

The in])ut parameters in the first line of data are explained in the 
fol lowing list. 

a) NN is an integer which is less than or equal to 10. It should he 
set to the same value as used in MODE when calculating the eigen- 
functions. 


b) 


o) 


cl) 


e) 


f) 


MMODKl is an intaB^r which, can ranga from 0 ta l)-and gives the 
.•ircumfercntlai mode numbef of the first eigenfunction. 

NMODEi is an Integer which can range from 0 to 9 and gives .t , 
radial mode number of the first. eigenfunction. 

MM0DE2 is an integer which can range from 0 to 9 and gives the 
circumferential mode number of the second eigenfunction. 

NM0DE2 is an integer which can range from 0 to 9 and gives the 
radiai mode number of the second eigenfunction. 

C is a REAL*8 number which gives the value of the reduced fre 

quency, y. 


Sample output from. INTGRTE is shown following the program listing. 
The results from the Mliliring. Blockhlntsev and Physical energy ilux are 
each listed separately. The^lues of the integrals are first printed 
out. Below-this, the values of the eigenfunctions and the integrands 
(excluding the factor 2r) across the duct radius are listed in column 

form. 

A listing of the program INTGRTE and sample output folUn^s. 


2J9 


Listing of Program INTGRTE 


REAL Kl.K2,G»SUtt,INTSUM 

REAL»8 Rl( X02S ) ,R2( 1025 ) .KMK 20A9 ) ,KM2( 2CA9 ) .MACH< 2099 ) » 
♦CFl 1 1025 ) .CF2(-1025 ) *GF3( 1025 ) *CF9( 1025 J ,Tt 5 > ♦Tl( 11 ) >Tlt 11 ) » 
*IHT( 5 1 >PERCNT( 5 ) »0ELXNT( 5) «CF5U025 ) 

REAL«8 DABS 

COHMCM MACH, R1,R2. CFl, CF2>CF3»CF.9»CF5 


REA0( 5 ,3 ,f!N,MMOOEl ,NM0DE1 ,MM00E2 .NM0DE2 ,G 
3 F0RMAT(I2-19,3il,023.16) 

READ(5,1)K1 

1 \'ORMATfD23.184 
HsEimNN 
MsNU 

‘ »=2»N*1 

n:$*2»n 

N8=N/32 

REA0(5,2) (RKl), in,Nl) 

2 FORMATt 3023.16) 
ilEAD(^,l)K2 

READ(5,2) (R2(I), I=1,N1) 

DO 10 Isl,N2 

10 MACHtI) = 0.3DO«)l.DO-(tl-l.DO)/N3)*»2) 
DO 20 1=1 ,N2 
KMHI)=1.D0 - Kl**MACHtI) 

20 KM2(1) = l.DO - K2«MACH)I) 


19=1 

22 HRITEI 6,23 )MMODEl ,NM0DE1 ,MM0DE2 ,NM0DE2,G ,N ,K1 ,K2 

23 FORMAT( •!' ,15X, 'CROSS MODE INTEGRATION',//,* ( ' ,11 , * , ' ,11, * ) **» 

♦ "AND t',ll,',',Il, **) MOOES* ,5X, 'GAMMAS • ,011.9, 4X, 13, ' INTERVALS', 
♦/,* K1=',D1S.6,5X,*K2=',D15.6,4)_ 

MRlTE(6,29) 

29 FORMATC laminar FLOW PROFILE, MMAXsO.l’,/) 

SaTO (.101, 301, 201), 19 

perform INTEGRATIONS USING ROMBERG SCHEME. CFK 1 ) ,CF2( 1 ) ,CF3(1 ) 

CF9(1) AND CF5(1) ARE VALUES OF THE INTEGRANDS EXCLUDING THE 
(2FRA0) TERM. TUJ) ARE INITIAL ESTIMATES IN THE INTEGRATION SCHEME. 

MOHRIMG FLUX TERMS 

101 HRlTE(6,26) 

26 FORMATC MOHRING FLUX TERMS. ' ,//) 

DO 30 1=1,N1 
CFX(1.)=O.DO 
CF2(1)=0.D0 
CF3(1)=0.00 
30-CF9(l)sO.OO 

CFUl) « 2.00»MACH(l)*Rl(l)*R2a)/(KMltl)*KM2(l)) 

CFUNl) s 2.D0*MACH(N2)»RltNl)*R2(Nl)/IKMl(N2)**KM2(N2)) 

CF2(1) s (KliK2)»(l.D0-MACHtl)<*»2)*tRl(l)*RE(l)/<KMltl)»KM2(l)) 

CF2(N1) s (Kl^KEj^d.OO-MACHtNEj^^EjttRltND^RECND/tKMUNt)- 

♦•KM2(N2)) 

CF3 AND CF9 ARE lOtHTiCALLV ZERO AT THE END POINTS BT 
VIRTUE OF THE BOUNOART CONDITIONS. 


?90 


T,l) s CFUNU 
T(2) s CF21N1) 

T(3) = 0.00 
T(4» - 0.00 
00 130 JJ *1*^ 

TC(U = t(JJ) 

180 00 140 1*1-*N4 
1^0 Tltl» » Ttin . 

N4 * N4+ 1 
NS s-a«*(N4-l) 

N6 - N/N5 
KT = £»»N8 

K ?i3U132.131.Xi4J.JJ 

??iaVNru'”-i.DO»rwcH(i.N7n)»Rl<i»H6n)*R2ti«Nonu 

♦ 11*M7+1)*KM2»H'N7*1U 
1<»1 SUMsSUM ♦ I»CFia»N6 ♦ 1> 

GO ta 150 

M2l I.N6.1 t/lKm( 1.N7.1 ’.WIZ' I.H7.1 > > 

142 SUM = SUMtI«CF2(I«N6 ♦ 1> 


GO TO 150 


V 9 W 

133 00 1<^3 cnQ*K»N»U1ACmi<»N742>- MACH(H*N7)1« 

60 TO 150 

134 00 144 1=1.N5,2 „-,^„„^,„.CH(U*N742)- MACHa*N7n* 

$KM2( I»N7*1 1 >»»2 

144 SUM=SUM*I»CF 411 »N 6 * 1 ) _ «... (j.oO/NS). OMITTED FROM 

:::: Im 5rSoS in thE-expression for T2(H. 

150 T2(l)=Tm-)/2.00*SUM*2.00/NS*«2 . 

00 160 1=2.N4 Til T-1H/(4.00«»(1-1.DOJ-X.OOI 

160 T2U)=t4.00«MI-l.DO)*T2a-U-tlLl-^'‘»-" 

IF«N4.LT.6> go TO 180 

1F(N4.U.NN^I) 60 TO X80 

^!54!6T'J*%?RCNT«JJ)--XO0..OEllHm 

KRITE(6,6J JJ*^!JJ-*’J'!‘l^552^i’IiJ’,?5.2.*-PER CENT* 
%!‘?''S5E;TKm;’Ui.i2:- R^BERG INTEGRATION STEPS* . 

130 CONTINUE 

iNTSUMsO.OO 
00 165 1 * 1,4 
185 IMTSUMsXNTSUMolNTtn 
WRITE 1 6 , 188 ) INTSUM 

188 FORMAT) • INT SUM* ’ , 013 . 5 , //> 

CALL OUTPUT )N 1 ,N 8 » 14 ) 

14*X4*1 
WR1TE(6,184> 

184 FORMAT) 


o«/onvAL 

r^om 


BLOCKHINTSEV FLUX TERMS 


301 MR1TE)6, 
326 FORMAT) ’ 


326 ) 


BLOCKHINTSEV 


FLUX TERMS. 


241 


DO 32.9 IsX.Nl 
CFlll )s0.00 
CF2CI):0.D0 
CF3(I)sO.OO 
CF4(I):O.DO 
329 CF5(I)=0.D0 

CFI(l) s e.D0«MACH(l)«*Rl(XJ»R2(l)/(KHXtl)*KI12U)) 

CFX(NX) * £^D0f*l1ACH(N2)*RXtNX)»ft2(HX>/(KMX(N2)«Kl12(N2) ) 

CF2( X ) = (KX^K2 )•( X.D0-MACH( X )««2 )«RX( X )«R2( X »/(KMXl X )«KM2( X ) > 

CF2(NX) = (KX+K2JJUX.D0-«ACHlN2J»***2)»RXtNX)«R2tNX)/(KMX(N2) 

Nw ) ) 

CF3.CFA AND CF5 ARE IDENTICALLY ZERO AT THE END POINTS SY 
VIRTUE OF THE BOUNDARY CONDITIONS. 

TtX) s CFX(Nl) 

T(?> b- CF2(NU_ 

T(3.) s O.DO 
T(A). s O.DO 
T(5)sO.DO 
DO 330- JJ *1.5 
T2U) = T(JJ) 

NA = 1 

380 DO 390 IsX.NA 

390 TXLI) = T2(I) 

N9 = N9* X 

NS = 2*»MN9-X) 

Nfr = N/NS 
N7 = 2*»N6 
SUM = O.DO 

60 TO (331, 332, 333, 339, 335). JJ 

331 DO 391 1=1, N5. 2 

CF1(1»N6+1) = Z.D0«MACH(1*N7+1)»*RHI«*N6+X)«R2(I**N6+X)/(KM1 
$(I»N7+1 )«KM2( l*»N7+l ) ) 

391 SUM=SUn ♦ I«CFl(HtN<>- ♦ 1) 

GO TO 350 

332 DO 392 I=1,N5,2 

CF2tl»N6+l) = (Kl*K2)*(1.00-MACHtl»N7*X)»«2)'»RHI*N6+l)9 
$R2( I»N6 + 1 )/( KMlt I9N7+1 )«KM21 I*N7*X ) ) 

392 SUM = SUM*l«CF2tJL»N6- ♦ 1) 

GO TO 350 

333 DO 393 l=l,NS-,2 

CF3(I»N6 + 1I = -O.5O0»N*N<KMACH(I*N7*2)- MACH(I«47))* 

*R1( I*N6 + 1 )t*(R2J 1»M6*2 )-R3( 1*N6 ) )/(G»KMl« 1*N7*X)«* 

♦KM2( I»N7+1 ) )*«2*( 1 .D04(MACH( 1*N7*1 )**2 )»LKMX( 1=N7*1 )»*2-KX«KX ) ) 

393 SUM s SUM ♦ 1»CF3( I»N64l ) 

GO TO 350 

339 DO 399 1=1, N5, 2 

CF9tl»N64ll = -0.5D09N*N*tMACHa«*N742)- MACHd^NF))* 

♦R2( l*N6tl )*( Rll I»N642 )-RX( 1«N6 ) )/( 6»KMH1*N7*1 )• 

♦KM2( 1»M7*1 ))•*£*( l.D04(MACH(U*N7*X)«92)«*tKM£ll*N7*X)»«2-K£9K2)) 
399 SUM=SUM ♦I9CF9(I**N64X) 

60 TO 350 

335 DO 395 1=1. N5, 2 

CFSt l*N64l 1=HACH( l*N74l,l«0.500»N*N*N»N*OABS(MACH( 1*N7*2 )-HACH 

♦ t l<tN7 ) )«»2*( Rl( 1*N642 )-R1( 1*N6 ) »*(R2t 1*N642 )-R2( 1»M6 1 )/ 

♦ (G«G»KM1( l»M74l t»KM2( l»N74^l))»»2 
395 SUM=SUM4l<»CF5(I*N6»l) 

THE CONSTANT PART OF (2«RAO), (2.00/N5), OHlTTED FROM 
• SUM IS INCLUDED IN THE EXPRESSION FOR T2(X4.i 

350 T2( 1 )=Tl( 1 \/Z .D04SUM*2.00/N5»»2 
DO 360 1=2, N9 

360 T2( I)s(9.D0**( I-l .DO l*T2( I-l )-Tia-l ) )/( 9.D0»*d-l .DO M .DO ) 
1F(N9.LT.6» go to 360 
INT( JJ( = T2(N9t 

DELINK JJ ) = DAB8( 1NT( JJ l-TX t N9-1 » t 

1F(DEL1NTI JJI.LE.5.D-9»DABStlNT(JJ))) GO Tb 370 

lFtN9.LT.NN»l ) GO TO 380 




370 PERCNK JJ)=0.0 

IF t . RT . a ) PERCNK JJ ) *100 .«OELINTt JJ )/0AB$t 1NT( J J ) ) 

WRITE ( 6 » 306 ) J J » INK J J ) , PERCNT( J J ) 

306 FORMAir INT(VU»*) * S0l2*Aj6X,P5.2» • PER CENT* 

$*• UNCERTAINTY* »6X, 12 >.* ROMBEftS INTEGRATION STEPS*) 

330 CONTINUE 
INTSUM*0^0 
DO 3SS 1*1.5 

385 INTSUMsINTSUM+INTd) — 

WRITE(6.388) INTSUM 

388 FORMATC INT SUM* * ,013.5.//) 

CAU 0UTPUT(N1,N8,19) 

19=19+1.. 

WRITE( 6,389) 

389 FORMATC /////////) 

GO TO 22 

PHYSICAL FLUX TERMS 
20L WRITE(6,226) 

226 FORMAT(» PHYSICAL FLUX TERMS.*,//) 

DO 229 1*1, N1 
CFKDsO.DO 
CF2(I)-=0.D0 
CF3(I)*O.DO 
229 CFA(I)=0.D0 

CFKl) s MACH(l)»((KMl(l)+KM2a))»»2-<OABS(Kl-K2)) 

$*^<♦2 )<^R1( 1 )*R2( 1 )/( 2.D0<»KM1( 1 )^KM2( X ) ) 

CFl(Nl) 5 MACH(N2)»nKMl(N2)+KM2(N2))<**2-«DABStKl-K2))»*2)<> 
iRlt N1 )**R2( N1 )/( 2 .DO^KMK N2 )<*KM2( N2 ) ) 

CF2(1) * (Kl/KMKl) + K2/KM2tI))<fRl(U*»R2Cl) 

CF2(N1) = (K1/KMUN2) ♦ K2/KM2( N2 ) )»RU N1 )#R2(N1 ) 

CF3 AND CFA ARE IDENTICALLY ZERO AT THE END POINTS BY 
VIRTUE OF THE BOUNDARY CONDITIONS. 

Til) 5 CFllNl) 

T(2) * CFaiNl) 

T(3) * O.DO. 

TIA) = O.DO 
DO 230 JJ =1,4. 

T211) = T(JJ) 

NA = 1 

260 DO 2A0 1=1, NA 

240 TUI) s T2(I) 

NA s NA^ 1 

N5 s 2»^»(NA-1) 

N6 s N/N5 
N7 = 

SUM s O.DO 

GO TO (231,232,233,23A),JJ 

231 DO 241 1 = 1,N5..2 

CFU1*N6+1) = MACHCI«N74l)»((kMUl<»N74l)+KM2(I»N7+l))«»2 
$• ( DABSl kl-K2 ) )^nU 1#N6 + 1 )»R2l I^»N6 + 1 )/( 2 .DO^^KMU I**N7+1 ) 

l«»KM2tI<»N7+l)) 

241 SUM = SUM ♦ I«CFU1«N6 ♦ 1) 

GO TO 250 

232 DO 242 1=1, N5, 2 

CF2(1^N6+1) = IK1/KMUUIN7^1) ♦ K2/KM2( 1#N7*1 ) )«RlU X»N64l ) 
l♦P2lI^►N6♦l) 

242 SUM = SUM*I«CF2a«N6 ♦ 1) 

GO TO 250 

233 DO 243 .T = 1,N5,2 

CF3(I*H6U) = IK2/(K1-K2)-(1.D0-2.D0»K2<»MACHCX«»N7+1) ♦ 
IK1*K2<»MACH( I*»N7+1 )/( 2.00«KM1( 1»N7+1 ) )<»R1( X^»N6+1 ) 

!•( R2( :«N6 + 2 )-R2( 1»N6 ) )»(MACH< I»M7+2 )-MACH( 1*»N7 ) )40.5D0«N«N 
♦/IG*KM2(1»N7*1))*»2 

243 SUM = SUM ♦ X*Cf 31 I»N64l ) 

GO TO 250 


24 3 


J 


00 2<»<* I:l>N5,2 

CF<»a«N6*l) s (Kl/(K2-Kl)-(l.O0-2.D0»Kll«ttACHa«N7*H ♦ 

«K2*K1*HACH( I«N7+X )»»2 >/( 2.D0»KM2( I«K7»l)«»2 ) )*R2t I«N6*1 » 

♦»( RX( I*N6*2 )-Rl( i»N6^) )«( MACHM«N7»2 J-MACH( 1«N7I J«(U500»N*M 
«/W;*Km( I*K7*IJ l*«2 
2AA SUMsSUt1*H»CFA( I*N6*t) 

THE CONSTANT PART OF (2*RA0), (2.D0/N5), OWITTEO FROM 
«*•« SUM IS INCLUDED IN THE EXPRESSION FOR T2tl ) , 

250- T2(l )sTUX )/2 ,00»SUM«2 ►00/N5««2 
DO 260 IS-2.NA 

260_T2( I J=L4.00**t 1-1. DO J»T2l I-1)-1X( 1-X J )/CA.DOM(IalJJO )-I.OO J 
IF(N6.LT.6) GO TO 280 
1NT( JJ»sT2(NAX 

DEUNTUJ ) *DABS( 1NT( JJ J-TX( N4-I » J 
IF(JeLINT« JJ).LE.5.0-4*DABSlINT(Jjn) GO TO 070 
IF(N4.LT.NN«X) GO TO 280 
270 PERCNTt JJ»=0.0 

IF ( N6 .GT . 2 ) PERCNT( JJ )*X00 . »DEL1NT( JJ »/OABS( IMTt JJ ) » 

WRITEJ 6.206) JJ , INT( JJ ) , PERCNTC J J ) ,N4 
206. FORMAT ( • INT(',IX.‘) = * ,DX2 .4,6X,F5.2. * PER CENT* 

♦ » * UNCERTAINTT * »6X , 12 , * ROMBERG INTEGRATION STEPS * ) 

230 CONTINUE 
1NTSUM=0.D0 
DO 235 I=X,4 
285 INTSUM=INTSUM*INT(I) 

URITE(6,288) IMTSUM 

288 FORMATC • INT SUM=* ,0X3.5,//) 

CALL OUTPUT! NX. N3, 19) 

HRITE(6.289) 

289 FORMAT!/////////) 

STOP 

END 

SUBROUTINE OUTPUTS NX, N3. 19) 

REALMS MACH! 2099 ) ,RX! X025 ) ,R2! 1025 ) ,CFX! X025 ) ,CF2! X025 ) , 

♦CF3! 10251 ,CF9! 1025).CF5! 1025) 

COMMON MACH ,R1,P2,CFX,CF2,CF3.CF4.CF5 
WRITE!6,9I 

9 FORMAT! * RADIUS-,X2X, 'EIGENVECTORS* ,X3X, *CFX* ,X2X, *CF2* ,X2X,*CF3* , 
U2X, *CF4* ,12X, 'CF.5*/) 

Ls-X 

DO 30 I=X,NX,N3 
L=L*1 

RA0=L/32.0 

IFII9.E0.2) GO TO 200 

190 WRXTE!6,11) RAD.RXI I ) ,R2I I ),CF1! 1 ) ,CF2! I ) ,CF3! 1 ) ,CF41 1 ) 

XX FORMAT! • • ,F7.5,3X,0X2.4,3X,DX2.4,3X,0X2.4,3X,0X2.4,3X,DX2.4,3X, 
«012.9) 

GO TO 30 

200 WRITE|6,X2) RAD,R1U),R2«),CFXI1),CF2!4).CF3(1),CF411), 
iCFSlX) 

XC FORMAT! * ' ,F7.5,3X.OX2.4,3X,OX2.4,3X,OX2.4»3X,OX2.4,3X.OX2.4,3X, 





«012.4,3X,0X2.4I 
30 CONTINUE 
RETURN 
END 



Sample Output 'of INTGRTE: 
Mohring Flux 


(0«0) AND lOtli MOOES 
Kl« 0.A7IAJ4D 00 


6AttU« 9.SOOOO DI- 
KE* O.A70e<<SD 00 


$1E INTERVALS 


lANINAR riOH PROFILE > mAX*0.S 
NOHRINO FLUX TERMS. 


XMTIl). * 

-0.1415D oa 

0.00 PER CENT UNCERTAINTY 

6- R0N8ER0 XKTtGR AT ION- STEPS 


ZKT(2) s 

0.77450-01 

0.00 PER Cent uncertainty 

6 ROKBERG 

integration steps 


INTO) « 

0.62930-01 

0.00 PER cent 

uncertainty 

6-R0riBER6 

integration steps 


ZNT(^) s 

0.91660-03 

0.03 PER cent 

uncertainty 

6 ROMSERG integration STEPS 


XN7 

0.446760-05 








RADIUS 

EZGENVtCTORS 


CPI 

CPS 


CPS 

CPS 

0.00000 

0.51160 

00 

-0.22720 

01 

-0.11040 ox 

-0.2267D 

01 

O.OOOOS 00 

O.OOOOO 00 

0.0S125 

0.51250 

00 

-0.22650 

01 

-0.1X010 ox 

-0.22620 

01 

0.42660-03 

-0.16560-03 

0.06250 

0.51450 

00 

-0.22440 

01 

-0.X090D ox 

-0.22460 

OX 

o.xnoo -02 

-0.73360-03 

0.0^375 

0.5X790 

00 

-0.22090 

01 

-0.X072D 01 

-0.22240 

OX 

0.36320-02 

-0. 16180-02 

O.X2500 

0.5227D 

00 

-0.21610 

01 

-0.10460 01 

-0.21910 

OX 

0.67720-02 

-0.27960-02 

0.X5625 

0.52690 

00 

-0.21000 

01 

-O.lOloD 01 

-0.21460 

01 

0.10500-01 . 

-0.42110-02 

0.XO750 

0.53640 

00 

-0.20260 

01 

-0.97790 00 

-0.20940 

OX 

0.14970-01 

-0.579X0-02 

0.2187S 

0.54530 

00 

-0.19400 

01 

-0.97 3X0 00 

-0.20300 

ox 

0.20130-01 

-0.74560-02 

0.25000 

0.55560 

00 

-0.16420 

01 

-0.68220 00 

-0.19550 

ox 

0.25910-01 

-0.91140-02 

0.26125 

0.56730 

00 

-0.17330 

01 

-0.62550 00 

-0.16670 

01 

0.32230-01 

-0.10670-01 

0.51250 

0.56030 

00 

-0.16140 

01 

-0.76340 00 

-0.17660 

ox 

0. 39000-01 

-0.12040-01 

0.56575 

0.59470 

00 

-0.14660 

01 

-0.696 70 00 

-0.16570 

01 

0.46090-01 

-0.13120-01 

0.57500 

0.6X040 

00 

-0.1350D 

01 

-0.62590 00 

-0.15330 

ox 

0.53390-01 

-0.13630-01 

0.40625 

0.62750 

00 

-0.12070 

01 

-0.55190 00 

-0.13970 

ox 

0.60730-01 

-0.14100-01 

0.45750 

0.645SO 

00 

-0.1057D 

01 

-0.47560 00 

-0.12490 

ox 

0.67970-01 

-0^3680-01— 

0.46675 

0.66530 

00 

-0.9034D 

00 

-0.39650 00 

-0.10690 

01 

0.74910-01 

-0.13140-01 

0.50000 

0.66610 

00 

-0.74600 

00 

-0.32130 00 

-0.91740 

00 

0.61360-01 

-0.11650-01. 

0.55125 

0.70760 

00 

-0.58660 

00 

-0.24560 00 

-0.73600 

00 

0.67130-01 

-0. 10060-01 

0.5625C 

0.73060 

00 

-0.42670 

00 

-0.17260 00 

-0.54600 

00 

0.91990-01 

-0.77960-02 

0.59575 

0.75410 

00 

-0.2676D 

00 

-0.10420 00 

-0.34930 

00 

0.95760-01 

-0.51490-02 

0.62500 

0.77630 

00 

-0.11150 

00 

-0.4^1360-OX 

-0.14600 

00 

0.98210-01 

-0.22270-02 

0.65625 

0-.603CO 

00 

0.40660* 

*01 

0.14260-01.— 

0.54920-01 

0.99170-01 

0. 83300-03 

0.6G750 

w • 

CO 

0.16700 

00 

0. 61500-01 

0.25650 

6g 

0.9o* 0-01 

U.iO/lU-02 

0.71675 

0.65260 

00 

0.32590 

00 

0.99160-01 

0.45300 

Oo 

0.95960-01 

0.67120-02 

0.75000 

0.67700 

oo 

0.45560 

00 

0.1265(1 00 

0.64060 

00 

0.91610-01 

0.91720-02 

0.76125 

0.90060 

00 

0.57500 

00 

0.14260 00 

0. 61550 

00 

0.65340^01 

0.11070-01 

0.61250 

0.92290 

00 

0-.6622D 

00 

0.1482U 00 

0.97320 

00 

0.77180-01 

0.12240-01 

0.64575 

0.94360 

00 

0.77560 

00 

0.14260 SO 

0.UC9O 

ox 

0.67250-01 

0.12560-01 

0.67500 

0.96200 

00 

0.65450 

00 

0.1275D 00 

0.12200 

ou 

0,55730-01 

0. 11910-01 

0.90625 

0.97750 

00 

0.91720 

00 

0.-10350 00 

0.13030 

01 

0.42660-01 

0.10270-01 

0.65750 

0.96950 

00 

0.96290 

00 

0.72760-01 

0.13530 

01 

0.29000-01 

0.76590-02 

0.96675 

0.99720 

00 

0.99060 

00 

0.37400-01 

0.X37XD 

01 

0. 14550-01 

0.41770-02 

1.00000 

0.10000 

01 

0.10000 

01 

0.00000 00 

0.X353O 

01 

0.00000 00 

0.00000 00 


Sample Output of INTGRTE 



Blookhiatsev Flux 


CROSS nOOC INTEGRATION 


COfO) AhO (0»n MOOES 
KIA 0.^7J<^390 00 


CAMMAa 0.50000 01 
KEs 0*4790^50 00 


UMINAR ^LOW PROEXLC. MMAXaO^S 


SLOCKHINTSEV F.UX TERMS. 


SIE INTERVALS 


IMTU) » -0. 14130 00 
INtU) » 0.77450-01 
XNT(3) * 0.62770-01 
ZMT(4) » 0.62370-03 
INTL5> a 0.25400-03 
XNT SiRta 0.447350-05 


0.00 PER CENT UNCERTAINTY 
0.00 PER CENT UNCERTAINTY 
0.00 PER CENT UNCERTAINTY 

0.02 Per cent uncertainty 

O.Ol PER-^ENT UNCERTAINTY 


6 ROMBERG XNTEGRATION STEPS 
6 ROMBERG XNTEGRATION STEPS 
6 ROMBERG INTEGRATION STEPS 
6 ROMBERG INTEGRATION. STEPS - 
AJiOMBERG INTEGRATION STEPS 


RADIUS 

0.00000 

0.0312S 

G.06250 

0.0S375 

0.12500 

0.15625 

0.1B750 

0.21075 ~ 

0.25000 

0.20125 

0.31250 

0.3437S 

0.37500 

0.40625 

0.43750 

0.46675 - 

0.50000 

0.53125 

G. 56250 

0.59375 

0.62500 

0.65625 

0.60750 

0,71675 

0.75000 

Gi 761^5-. 

0.61250 

0.6A375 

0.67500 

0.90625 

0.93750 

0.96675 

l.OOOOO 


eigenvectors 


0.51160 00 
0.51250 00 
0.51460 00 
0.51790 00 
0.52270 00 
0.52690 00 
0.53640 00 
0.54530 00 
0.55560 00. 
0.56730 00 
>0.56030 00 
0.59470 00 
0.61040 00 
0.62750 00 
0.64560 00. 
0.66530 00 
0.6dalD 00 
0.70760 00 
*0 % 1 32u5 2 2 
0.75410 00 
0,77630 00 
0.60300 00 
0.62760 00 
0.65260 00 
0.67700 00 
0.900f0 00 
0.9-.^9D 00 
G.943v»0 00 
‘J.962C0 00 
0.977>0 00 
0.96VSD 00 
0>. 99720 00 
606600 01 


-0.22720 01 
-0.22650 01 
-0.22440 01 
-0.22090 01. 
-0.21610 01 
-0.21000 01 
-0,20260 01 
-0.1.9400 01 
-0.16420 01 
-0. 17330 01 
-0.16140 01 
-0.14660 01 
-0.13500 01 
-0.12070 01 
-0.10570 01. 
-O.9O340 00 
-0.74600 00 
-0.56660 00 
C.'.2670 00 
-0.26760 00 
-O.IU50 00 
0.40660-01 
0.16700 00 
0.32590 00 
0.45560 00 
0.57500 00 
9.66220 00 
0.77560 00 
0.65450 00 
0.9X7CD 00 
0.96290 00 
0.99060 00 
0.10000 01 


CFl 


W* CM CF* 


-0.11010 01 
*^0.10900 01 
-0.10720 01 
-0.10460 01 
-O.X0160 01 
-0.97790 00 
-0.93310 00 
-0.66220 00 
-0.62550 00. 
-0.76340 00. 
-0.69670 00 
-0.62590 00 
-0.55190 00 
-0.47560 00 
-0.39650 00 
-0.32130 00 
-0.24560 00 . 
-0.17250 00 . 
-O.104CO 00 
-0.41360-01 
0.14260-01 
0.61500-01 
0. 99160-01 
0.12650 00 
0.14260 00 
0.14620 00 
0-. 14260 00 
0.12750 00 
0.10350 00 
0.72760-01 
0.37400-01 
0.00000 60 


-0.Z267D 01— 
-0.22620 01 
-0.22460 or 
-0.22240 01 
-0.21910 OX 
-0.21460 01 • 
-0.20940 01 
-0.20300 01 
-0.19550 Olr 
-0.18670 01 
-0.17660 01 
-0.16570 01 
-0.1S330 01 
-0.13970 01 
-0^12490 01 
-0,X06»'1 01 
-0.917* 3 00 
-0.736(0 00 
— 0.54400 00 
-0.34930 00 
-0.14600 00 
0.59920-01 
0.25650 00 
0.45300 00 
0.64060 00 
0.61550 00 
0.97320 00 
o» 11090 or 
0.12200 01 
0.13030 01 
0.13530 01 
0.13710 01 
G. 13530 01 


0.00000 00 
0.92020-03 
0.16770-02 
0.37590-02 
0.66970-02 
0.10310-01 
0.19710-01 
0.19600-01 
0.25510-01 
0.31770-01 
0.38960-01 
0.95590-01- 
0.52610-0! 
0.60150-01 
0.67900-01 
0.79370-01. 
0.60660-01 
0.66710-01 
0.91650-01 
0.95990-01 
0.96020-0U 
0.99060-01 
0.96920-01 
0,95960-01 
0.91690-01. 
0. 65390-01 
0.77240-01 
0. 67300-01- 
0.55760-01 
0.92660-01 
0.29000-01 
0.1955D>01 
0.00000 00 


0.00000 00 
-0.19900-03 
-0.76660-03 
-0.16900-02 
-0.29200-02, 
-0.93950-02 
-0.60390-02 
-0.77690-02 
-0.99680-02 
-0.11100-01 
-0.12500-01 
-0.13610-01 
-0.19330-01 
-0.19590-01 
-0.19330-01 
-0.13590-01 
-0.12190-01. 
-0.10330-01 
-0.79670-02 
-0.52690-02 
-0.22720-02 
0.69790-03 
0.39320-02 
0.66020-02 
0.92/90-0'' 
0.XU70-0V 
0.12330-01. 
C. 12620-01 
0.1l95d-Cl 
0.10290-01 
0.76670-02 
0.91760-02 
0.00000 00 


CP5 

0.00000 00 
0.16910-07 
0 . 26020-06 
0.12980-05 
0.90160-05 
0.95380-05 
0.19120-09 
0.339«0-09 
0.55270-09 
0.83790-09 
0.11960-03 
0.16310-03 
0.21300-03 
0.26770-03 
0.32510-03 
0.36220-03 
0.93560-03 
0.93160-03 
0,51690-03* 
0.53760-03 
0,54170-03 
0.52730-03 
0.99420-03 
0.44400-03. 
0-. 37960-03 
0.30640-03 
0.22980-03 
0.15660-03 
0.93400-04 
0.45400-04 
0.15330-04* 
0.21600-05 
0.00000 00 


i 


j 


1 




J 


Sample Output 


of INTGRTE:- 


Phyniral Energy Flux 


(0*01 AND (0>I) rfOOES $AfrA» 0.50000 01 
Kl3 0.0754390 00 K2s 0.479045D 00 

UMINAft flow PROFIU, ftlAXsO/i 

PHmCAU«.UX TERMS. 


512 INTERVALS 


iNt(l) a -0.79130-01 
XKT(2I * 0.10530 OO 
XNTtS) »--0. 30060-01 
XNT(4) a C.368S0-02 
INT SW1S 0.396810-05 


0.00 PErt TENT UNCERTAINTY 
0.00 PER CENT UNCERTAINTY 
0.00 PER CENT UNCERTAINTY 
0.02 PER CENT UNCERTAINIX. 


0 ROMBERC INTEGRATION STEPS 
0 ROMSERG integration. STEPS 
0 ROMBERG INTEGRATION STEPS 

0 Romberg integration-steps 


Radius eigenvec tors cpi 


0.00000 

0.51180 

00 

0.03125 

0.51250 

00 

0.06250 

0.51450 

00 

0.09375 

0.51790 

CO 

0.12500 

0.52270 

00 

0.15625 

0.52690 

00 

0.18750 

0.53640 

00 

0.21875 

0.5H530 

00 

O.2S000 

0.55560 

00 

0.28125 

().56730 

00 

0.31250 

0.58030 

00 

0.34375 

0.59470 

00 

0.37500 

0.6104D 

00 

0.40625 

0.62750 

00 

0.43750 

0.64580 

00 

0.46875* 

0.66530 

00 

0.50000 

0.68610 

00 

0.53125 

0.70780 

00 

0.56250 

0.73060 

00 

0.59375 

0.75410 

00- 

O.62S00 

0.77630 

00 

0.65625 

0.80300 

00 

0.68750 

0.82780 

00 

0.71873 

A mmfkpm 


0.75000 

0.87700 

00 

0.78125 

0.90060 

00 

0.81250 

0.9229D 

00 

0.6437S 

0.94360 

00 

0.87500 

0.96200 

00 

0.90625 

0.97750 

00 

0.93750 

0.98950 

00 

0.96875 

0.99720 

00 

l.OOOOO 

O.lOQOO 

01 


-0.22720 

01 

-0.6587D 00 

-0.22650 

01 

-0.65700 00. 

-0.22440 

01 

-0.6516D 00 

-0.22090 

01 

-0.64270 00 

-0.21610 

01^ 

-0.63030 00 

-0. 21000 

01- 

-0.61420 00 

-0.20260 

01 

-0.59450 00 

-0.19400 

01 

-0.57110 00 

-0.18420 

0]U 

-0.54420 00 

-0.17330 

01 

-0.51370 00 

-0.16140. 01 

-0.47980 00 

-0.14860 

01. 

-0.44260 00 

-0.1350D 

01 

-0.40230 00 

-0.12070 

01 

-0.35930 00 

-0.1057D 

01 

-0.31400 00 

-0.90340 

00 

-0.26680 00 

-0.74600 

00 

-0.21850 00 

-0.5866D 

00 

-0.16970 00 

-0.42670 

00 

-0*. 12140 00 

-0.26780 

00 

-0.74570-01 

-o.msD 

00 

-0.30t7D-01 

0. 40660-01 

0.10626-01 

0.18700 

00 

0.46660-0r 

0.32590 

60 

0,76030*01 

0.45580 

00 

0*10010 00 

0.57.i00 

00 

0.11560 00 

0.68220 

00 

0.12270 00 

0.77580 

00 

0.12100 00 

0.85450 

00 

0.11070 00 

0.91720 

00 

0.92140-01 

0.96290 

00 

0-.66410-01 

0.99060 

00 

0.35020-01 

0.10000 

01 

O.OOOOO 00 


CP2 

-0.2O2BO 01 
-0.20240 OU 
-0.20120 01 
-0.19910 01 
-0.19610 01 
-0.19230 01 
-0.18760 01 
-0.18190 01— 
-0.17530 01- 
-0.16760 01 
-0.15880 01 
-O’. 14900 01 
-0.13800 01 
-0.12600 01 
-0.11280 01 
-0.98490 00 
-0.8317D 00 
-0.66890 00 
-0.49760 00 
-0.31930 00 
-0.13580 00 
0.50590-01 
0.23730 00 
0.42120 CO 
0.59900 00 
0 . 76700 00 
0.92130 00 
0.10500 01 
0.11730 01 
0.12830 01 
0.18250 01 

o.nsso 01 

0.13530 01 


CPS 

0.00000 00 
-0.12400-03 
-0.49680-03 
-0.11200-02 
-0.19960-02. 
-0.3T280-02 
-0.45200-02 
-0.61720-02 
-0.80870-02 
-0.10260-01- 
-0.12690-01 
-0.15350-01 
-0.18240-01 
-0.21320-01 
-0.24560-01 
-0.27900-01 
-0.31270-01. 
-0.34610-01 
-0,37820-01 
-0.40780-01 
-0.43370-01 
-0.45450-01 
-0.4669D-01 
•C.47510-01 
-0.47180-01- 
-0.45750-01 
-0.43180-(jl 
-0. 39140-01 
-0.33810-01 
-0.27120-01 
-0,19240-01 
-0.1003D«01 
0.00000 00 


CPA 

0.00000 00 
-0.34960-03 
-0. 13840-02 
-0.30580-02 
-0.53000-02 
-0.80090-02 
^0.11060-01 
-0.14320-01 
-0.17600-01. 
-0.20750-01 
-0.23580-01 
-0.25910-01 
-0.27560-01 
-0.28380-01 
-0.28220*01 
-0.27000-01 . 
-0.24660-01 
-0,21180-01 
-0.16630-01 
-0. 11140-01 
-0.48870-02 
0.18550-02 
0.87570-02- 
0.15430-01 
0.21440-01 
0.26330-01 
0.29640-01 
0.30950-01 
0.29920-01 
0.26290-01 
0.20000-01 
0.11130-01 
0.00000 00 
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Appendix All 

TABULATED ENERGY-WEIGHTING FUNCTION RESULTS 


Physical Energy Flux 


Y 

Exact 

Slug Flow 
Approximation 

M =1 

0.50 

1.080 - 

1.082 

max 




one-seventh 

1.50 

1.075 

1.082 

power 

profile 

3.00 

1.055 

1.082 


6.00 

0,983 

1.082 


10.00 

0.845 

1.082 


15.00 

0.669 

1.082 


20.00- 

0.534 

1.082 

M =0.3 

0.50 


1.245 

max 




one-seventh 

1.50 

1.229 

1.245 

power 

profile 

3.00 

1.179 

1.245 


6.00 

1.013 

1.245 


10.00 

0.764 

1.245 


15.00 

0.544 

1.245 


20.00 

0.420 

1.245 

M = 0.5 

0.50 

1.413 

1.408 

max 




one-seventh 

1 .50 

1.390 

1.408 

power 

profile 

3.00 

1.318 

1.408 

1.408 


6.00 

1.088 


10 . 00 

0.779 

1.408 


15.00 

0.540 

1.408 


20.00 

0.412 

1.408 



2 













Tabu? All.i (cunt.) 


Fhys leal Energy Flux Mohr Ing/li lockh i nt sev Energy K 1 ux 


Exae t 


Slug Flow Mohrlng Bloekhintsev Slug Flo 
Approximation Elxact Exact Approx ImatJ 


onc-soveiUh 1. SO 

3.00 

prot lie 

6.00 
10.00 
IS. 00 
120.00 


ono-sevent h 
power 
p rof lie 


O.Sbb 


ppoi U e 
(saiiu’ t low- 
rate as M 
^ O.I 

onf-siJVi'Htli 

powci' 

I'lol ill') 


10 . 

00 

0 . 

896 

15 . 

00 

0 

h 07 

20 . 

,00 

0 

,437 

0 . 

,30 

1 

, 084 

1 . 

,00 

1 

.074 

1 , 

.30 

1 

.038 


.00 

0 

.‘179 

<*, 

.00 

0 

. 7 b 0 


1.372 

1. 372 

1.372 
1.372 
1.572 
1.572 
1.572 


1 . 735 - 

1.735 

1.735 

1.735 

1.735 

1.735 

1.733 


0.733 













Tabic All. 2 


(1.0) MODI' ENKROY-WKIGIITINC FUNCTIONS 


Fltysitui-1 Energy Flux 




Mohring/Blocklilntsev Energy Flux 


















Table All. 2 (cent.) 




Table ALl.i 
(2,0) MODE ENERGY-WEIC.HTJ 


Phvsieul Energy Flux 


Exact 


Slug Flow 
Approximation 


Mohr Ing/Blockhlntsev Energy Flux 


Mohring Blockhintsev j Slug Flow 
Exact Exaet [Approximation 


3.50 

0.291 

4.U)0 

0.385 

5.00 

0.471 

6.00 

0.509 

8.00 

0.535 

10.00 

0..5J1J 

15.00 

0.502 

20.00 

0.451 


3.50 

0.329 

4.00 

0.424 

5.00 

0.514 

6.00 

0.551 

8.00 

0.567 

10.00 

0.551 

1 5.00 

0.474 

20.00 

0>395 


3.50 

0.384 

4,00 

0.474 

5.00 

0.565 

6.00 

0.l».12 

8a)0 

0.612 

10.00 

0.586 

15.00 

0.486 

20 . 00 

0.394 


0.292 

0.389 

0.481 

0.526 

0.552 

0.586 

0.604 

0.610 


0.299 
0.401 
0.497 
0.540 
a. 571 
0.573 
0.537 
0.483 


0.348 
0 . 4 68 
0.592 
0.648 
0.678 
0 . 664.. 
0.572 
0.477 


0.299 
0.401 
0.497 
0.. 540 
0.5Z1 
0.573 
0.537 
0.483 


0.302 

0.408 

0.511. 

0.-562 

0.591 

0.-631 

0.652 

0.659 


0.652 


0.528 











Table-JUl.3 (cont.) 


fc:r_sr-: 




Physical Energy Flux Mohring/Blockhintsev Energy Flux 

Exact ' Slug Flow Im- 
Approximation 


M « 0.7 3.50 

max 

one-seventh 4 . 00 
5 00 

profile 

6>00 

8.00 

10.00 

15.00 

20.00 


M = 0.9 3.50 

max 

one-seventh 4.00 

5.00 

profile 

6.00 
8.00 

10.00 

15.00 

20.00 


0.A52. 

0.533 

0.622 

0.659 

0.664 

0.632 

0.514 

0.413 


0. 529 
0.602 
0.685- 
0.721 
0.722 
0.684 
0.552 
0.440 



laminar flow 

profile 

(same flow- 

rate as 

M » 0.1 

max 

one-seventh 

power 

profile) 


5.00 

6.00 
8.00 

10.00 

15.00 

20.00 


0.314 


0.447 

0.489 

0.541 

0.626 

0..659 

0.801 

0..Z27 

0.892 

0.799 

0.944 

0.834- 

0.917 

0.869 

0.756 

0.881 

0.604 

a. 520 

0.573 - 

0.605 

0.716 

0.722 

0.913 

0.795 

1.024 

0.842 

1.098 

0.915 

1.070 

0.956 

0.880 

0.971 

0.699 

0.292 

0.289 

0.389 

0.380 

0.43-1 

0.457 

0.526 

0.484 

0.552 

0.484 

0.586 

0.460 

0 2)04 

0.385 

0.610 

0.325. 


Rlockhintsev Slug Flow 
Exact Approximation 


0.497 

0.633 

0.805 

0.894. 

0.945 

0.918 

0.756 

0.604 


0.59a 

0.730--. 

0.923 

1.031 

1.101 

1.071 

0.881 

0.699 


0.289 
0.380 
0.457 — 


84. 

84 
60 

85 


0.501- 

0^56 

0.877 

1.018- 

1.177 

1.257 

1.340 

1.371 


0.586 

0.750 

1.003 

1.178 

1.300 

1.497 

1.616 

1.660 


0.302 

0.408 

0.511 

0.562 

0.591 

0.631 

0.652 

0.659 

















Tabic All. 4 


(0 ax. MODE KNERGY-WEICHTING FUNCTIONS 


Pliys leal Energy Flux Mahrlng/BlookhJntsev Energy Flux 


ono-seventh 

4.50 

power 
prof i 1 e 

5.00 


Exact ! 

i 

Slug Flow 
Approx Imiition 

Mbhring, 

Exact 

0.304 

0.303 

0.309 

0.548 

0.549 

0.569 

0.675 

0.677 

0.709 

0.822 

0.818 

0.874 

0.975 

0.940 

1.048 

.1.077 

0.993 

1.163 

1.337 

1.043 

1.451 

1 .684 

1 .060 

1.832 

0.395 

0.383 

0.406 

0.614 

0 . 6 1. 6 

0.669 

0.746 

0.752 

0.840 

0.915 

0.914 

1 .071 

1.129 

1 .005 

1.371 

1.319 

1.130 

1.630 

1 . 893 

1 .194 

2.383 

2.422 

1.217 

3.063 


one-seventh 

4.50 

power 
prof i 1 e 

5.00 


■j? 

12 
























Table All. A (cont.) 


1 ; I : . : . . 


Phy.sieal Energy Flux 

. =. * \ -i s s-s r. s — - £ I £ £ s- r-.t.- s ; £ ; 

Moh r ing / B 1 oe kh int se V 

, . . , , . 1 
Energy Flux 


Bl 



iMI 

Blockhlntsev 

Exact 

Slug Flow 
Approximation 

M « 0.7 

A. .00 

0.68A 

0.6AA 

0.704 

0.706 

0.670 

max 






0.928 

one-seventh 

A. 50 

0.826 

0.815 

0.93A 

0.937 

power 

5.00 

0.933 

0..9A2 

1.127 

1. 1 30 

1.1A2 

profile 



1.AA2 

1.466 

6.00 

1.092 

1.118 

l.AAl 


8.00- 

1.337 

1.305 

1.936 

1.9J7 

1.852 


10.00 

1.593 

1.397 

2. A 15 

2.A16 

2.057 


15.00 

2.330 

1.A93 

3.70A 

3.704 

2.278 


20.00 

2.693 

1.527 

A. 317 

A. 318 

2.361 

M = 0 . 9 

A. 00 

0.8A8 

0.792 

0.871 

0.877 

0.826 I 

max 

one-scvonth 

A.. 50 

0,960 

0.939 

1.092 

1.097 

1.079 1 

power 

5.00 

1 .0A9 

1 .056 

1 .288 

1.293 

1 .305 

profile ' 

6.00 

1 .190 

1 .228 

1 .626 

1 .630 

1.673 

1 

8.00 

1.A2A 

1 .A26 

2.191 

2. L9A 

2.151 

1 

10.00 

1 . 679 

1 .530 

2.7A9 

2.751 

2.423 

1 

i 

15.00 

2.A22 

1 .6A0 

4.228 

4.229 

2.-731 


_2_0^0^ 

2.7A1 

1.681 

4.L'A1 

^4^4^-^ 

2.849 

=0.163 

A. 00 

0.305 

0.303 

0.312 

0.312 

0 . 308 

; max 






0.570 

= laminar flov 

1 A. 50 

0.537 

0 . 549 

0.565 

0.565 

, profi le 

5 . 00 

0.666 

0.67 7 

0.711 

0.711 

0.710 

! (same 1 low- 




0.867 

. rate as 

6 . 00 

0.838 

0.818 

0.910 

0.910 

M =0.1 

max 

8.00. 

.1.1 06 

0.9 AO 

1 .223 

1.223 

1 . 006 

one-sevenl li 

‘ 10.00 

1.371 

0.99 3 

1.530 

1.530 

1 .067 

power 





2.004 


prof i 1 e) 

15.00 

1.789 

1 . OA 1 

2.004 

1.12 5 


20.00 

1 . 555 

1 . 060 

1.727 

1 .727 

1 . 1 1 5 

i ^ ^ 

. . > - - * - 

.. . . . . . . 

. ^ ^ - --- - - 


-i - * * * - — * 

. i - 





